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ABSTRACT 
 
In this study, creep response of metals and polyimide composites at elevated temperatures are 
analyzed by using empirical models. Empirical models are typically constructed based on 
experimental observations and their material parameters are calibrated by fitting experimental data. 
Although empirical models do not provide physical insight into the creep responses of materials, 
they are practical in structural design applications since they are expressed in simple mathematical 
functions. Creep responses of Copper alloy NARloy-Z and Titanium alloy Ti-6Al-4V are analyzed 
in this study by using empirical approach. Deformation-mechanism maps are used to predict their 
creep behaviors at various stresses and temperatures, and determine the design stresses based on 
their creep responses. Parametric studies are also conducted to provide the basis for the parameter 
fitting process. Furthermore, the effect of energy dissipation is incorporated into a 
phenomenological viscoplastic model to further understand the creep and cyclic responses of 
NARloy-Z. It is noted that the phenomenological model allows for rigorously incorporating the 
energy dissipation effect, which is one of the prominent characteristics of time-dependent 
materials, while the empirical model is limited. From the analyses, it is concluded that the amount 
of energy dissipation is much more pronounced under cyclic loading, while it is negligible under 
creep loading. Higher amount of energy dissipation leads to a more pronounced stress softening 
behavior, which is one of the sources for material failures.  
The empirical model and deformation maps are extended to understand creep responses 
of polyimides and carbon/polyimide fiber composites at elevated temperatures. PMR-15 
polyimide is used as an example to illustrate how empirical model is used to predict the creep 
response. Rule of mixtures is considered to capture the creep response of carbon/polyimide 
composite. Results showed that empirical models can give reasonable predictions of creep 
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behaviors for alloys, polyimides, and polyimide composites along axial fiber direction. Thus, the 
model can be used to construct deformation maps and determine design (allowable) stresses for 
structural design purposes. 
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NOMENCLATURE 
 
ܣ Dorn Constant 
ܣଶ Modified Dorn Constant for Power-Law Creep 
ߙ Thermal Expansion Coefficient (ܭିଵ) 
ܾ  Burger’s Vector (݉) 
ܥ௦  Transient Constant 
c  Specific Heat ቀ ௃௄௚∙ ௄ቁ 
ܦ௕  Boundary Diffusion Coefficient ቀ௠
మ
௦ ቁ 
ܦ௘௙௙  Effective Diffusion Coefficient ቀ௠
మ
௦ ቁ 
Do  Initial Drag Strength ቀெே௠మ ቁ 
ܦ௢௕ Initial Boundary Diffusion Coefficient ቀ௠
మ
௦ ቁ 
ܦ௩ Lattice Diffusion Coefficient ቀ௠
మ
௦ ቁ 
݀  Grain Size of Material Sample (݉) 
E Young’s Modulus ቀெே௠మ ቁ 
ߝ௙ Strain for Fiber 
ߝ௠ Strain for polymer matrix 
p
a
ε  Average Strain Rate ቀଵ௦ቁ 
p
f
ε   Approximate Fastest Plastic Strain Rate ቀଵ௦ቁ 
p
s
ε  Approximate Slowest Plastic Strain Rate ቀଵ௦ቁ 
vi 
ߝ௧ሶ   Transient Strain Rate ቀଵ௦ቁ 
f  Parameter Determines the Shape of the Hysteresis Loop 
ߛ Total Plastic Strain 
ߛଵ Transient Strain in the Elastic Deformation Region 
ߛଶ Transient Strain in the Low Temperature Plasticity Region 
ߛଷ Transient Strain in the Power-Law Creep Region 
ߛସ  Transient Strain in the Diffusional Flow Region 
ℎ   Hardening Modulus ቀெே௠మ ቁ 
ܭௌ Work Hardening Constant (Pa) 
݇  Boltzmann Constant ቀ௃௄ቁ 
ߢ  Bulk Modulus ቀெே௠మ ቁ 
l  Material Parameter Determines the Stress Range for Hysteresis Loops 
݉ Exponent for the Work Hardening 
ߤ  Shear Modulus ቀெே௠మ ቁ 
ߤ௢  Initial Shear Modulus at 300K ቀெே௠మ ቁ 
ߤଵ  Temperature Dependence of Modulus ቀ ெே௠మ௄ቁ 
݊ Power-Law Creep Exponent 
ߥ  Poisson’s Ratio 
ߗ  Atomic Volume (݉ଷ) 
Q Activation Energy for PMR-15 Polyimide 
ܳ௕  Activation Energy for Boundary Diffusion ቀ ௞௃௠௢௟ቁ 
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ܳ௩  Activation Energy for Lattice Diffusion ቀ ௞௃௠௢௟ቁ 
ܴ  Universal Gas Constant ቀ ௃௠௢௟ ௄ቁ 
ߩ  Density (ܭ݃/݉ଷ) 
ߩ௠  Mobile Dislocation Density (݉ିଶ) 
ߪ௖௥ Tensile Failure Stress (MPa) 
ߪ௙ Stress for Fiber (MPa) 
ߪ௠ Stress for Polymer matrix (MPa) 
ߪ௢௦ Initial Applied Shear Stress (Pa) 
ߪ௦ Applied Shear Stress (Pa) 
ܶ Temperature (K) 
ΔT  Temperature Change (ܭ) 
Tt  Transition Temperature (ܭ) 
ݐ  Time (ݏ) 
௙ܸ Fiber Volume Fraction 
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CHAPTER I  
INTRODUCTION AND LITERATURE REVIEW 
I.1. Introduction 
Many structural components that are exposed to elevated temperatures require high temperature 
resistant materials, such as ceramics, metals, or alloys. When subjected to mechanical loadings at 
high temperatures, metals and alloys exhibit time-dependent and inelastic responses, i.e., creep 
and plastic deformations [1, 2]. Creep deformations of metals and alloys at high temperatures, 
which are typically classified into primary (transient), secondary (steady-state), and tertiary creep 
stages, are discussed in this thesis, based on the rates of creep strains. The main focus is to 
understand the mechanisms that lead to transient creep responses by linking the macroscopic 
strains to the microstructural changes of polycrystalline structures, whether the deformation is 
dominated by diffusional transport from dislocation, dislocation climb and glide, grain boundary 
sliding, etc. Creep deformation is modeled by purely empirical equations in this study. The 
empirical models are then used to construct deformation mechanism maps, which are useful for 
determining design (allowable) stresses.  
Depending on their applications, materials can be subjected to more complex loading 
histories such as cyclic loadings at different amplitude and frequencies that could lead to fatigue 
failures. Experimental studies on cyclic behaviors in metals and alloys at high temperatures show 
that fatigue failures depend not only on the amplitude of loading but also on the frequencies (rates) 
of loadings [3-5]. The frequency- (rate-) dependent fatigue failure in metals at high temperatures 
is expected which is associated to the prominent creep (time-dependent) material responses at high 
temperatures. In this study, cyclic behavior of metals at high temperature is modeled with a 
phenomenological viscoplastic constitutive model that incorporate the effect of energy dissipation. 
2 
This constitutive model is general and capable of predicting life performances of metals under 
various loading histories. 
High temperature polymers haven been developed and studied since late 1950s to satisfy 
the needs in aerospace and electronics industries. One of the most popular high temperature 
polymers is polyimides [6]. PMR-15 is one of the leading high temperature polyimides [7] 
developed by NASA which has been widely used in various aerospace high temperature 
applications [8]. Creep behavior of PMR-15 polyimide is normally modeled by time-dependent 
nonlinear viscoelastic models [9-12]. However, in structural design applications, nonlinear 
viscoelastic models can be impractical due to their mathematical complexity. Similar to metals, 
empirical models are often considered in design applications. Hence, in this thesis, a power-law 
empirical model that has been commonly used for metals is considered to model the creep response 
of PMR-15 polyimide and polyimide composites to fulfil the design needs. 
I.1.1. Deformation-mechanism maps 
There have been several constitutive models that incorporated the effect of microstructural 
changes (diffusional transport by dislocation, dislocation climb and glide, grain boundary sliding, 
etc.) in formulating the macroscopic constitutive materials models for metals. Examples of such 
models can be found in Amin et al. [13], Sherby and Weertman [14], Frost et al. [15], Gabb and 
Welsch [16], Orlova [17], etc. The softening and time-dependent behaviors of metals at high 
temperatures are associated to the dislocation behaviors. Experimental investigations reported by 
He et al. [18] showed different dislocation configurations of alloys, recorded from the transmission 
electron microscopy (TEM), at different creep stages. Yue and Lu [5] have examined the fatigue 
behaviors in superalloy depends on the crystallographic orientation and strain amplitude. They 
formulated an empirical model including the effect of crystallographic orientations and slip 
3 
systems on the elastic modulus and plastic hardening parameter in predicting fatigue failure in 
materials. Apart from studying the effect of microstructural changes in constitutive model, 
research has also been conducted to study the relationship between transient creep strain and steady 
state strain rate (see from Amin, K. E et al. [13]; Frost and Ashby [15]; Main, I. G [19]). From 
their research, steady-state strain rate is essential when modeling the transient creep strain. Thus, 
deformation mechanisms associated with steady state creep are also discussed in this study. In 
order to show the dominant mechanism of transient and steady state creep deformations, and 
determine the corresponding strain rate under certain stresses and temperatures, deformation-
mechanism maps for steady state and transient creeps are constructed.  
The idea of deformation-mechanism maps is first proposed by Ashby [20]. According to 
Ashby, deformation-mechanism maps are very useful for engineering applications, especially for 
material selection and life prediction, since the map can show the mechanism by which the material 
deforms and predict the deformation of materials. Numerous studies had been done on deformation 
mechanism maps since then. Mohamed et al. [21] developed a new form of deformation 
mechanism maps which based on grain size and also proposed a simplified method in constructing 
the maps; Instead of pure creep, Priest et al. [22] used deformation mechanism map to evaluate 
damage formation under a cyclic-hold loading condition by considering crack formation during 
cyclic loading period; Yamakov et al. [23] extended the technique of deformation-mechanism 
maps to nanocrystalline materials, by using a molecular-dynamics simulation method to study the 
influence of decreasing grain size on the transition between deformation mechanisms for 
nanocrystalline metals. Since deformation-mechanism maps are of great practical values, they are 
used in this study to simulate creep responses and develop design spaces for metals. 
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I.1.2.  Polyimide composites 
Besides metals, creep behaviors of polyimide composites are also studied in this thesis. 
Polyimides rank among the most heat-resistant polymers, hence have an extensive use in fields 
such as high temperature plastics, adhesives, dielectrics, and so on [24]. PMR-15 is a kind of 
polyimide which have been used in aeropropulsion applications because of its good thermos-
oxidative stability and because of the relatively low cost in manufacture [25], and is analyzed in 
this thesis. Creep behaviors of polyimides are usually modeled by a viscoelastic model (see 
Nicholson, Lee M., et al. [26]; Crochon et al. [27]; Sayyidmousavi, Alireza et al. [28]). However, 
in this thesis, an empirical power-law model similar with the model for metals is used to calculate 
the creep response of polyimide PMR-15. Rule of mixtures is used to combine the response of 
polyimide matrix and carbon fiber in predicting the responses of fiber reinforced polymer 
composites. 
According to Chawla [29], rule of mixture is an operational tool which uses the properties 
of the components to obtain the properties for the composite based on  their weighted volume 
average, specifically for composite with uniaxial aligned, continuous fibers. Younes et al. [30] 
compared the results for elastic properties from phenomenological models (rule of mixtures), 
semi-empirical models, elasticity approach models, homogenization models and numerical FE 
models with experimental results for several composite materials, and conclude that for 
longitudinal Young’s modulus, rule of mixtures shows good agreement with results from other 
models and experimental results, but for transversal Young’s modulus and shear modulus, 
prediction from rule of mixtures shows large difference with results from experiments. However, 
as stated by Kim et al. [31], rule of mixture is the simplest and intuitive method to estimate the 
properties of a composite material in terms of its components, hence rule of mixtures is still widely 
used in engineering applications.  
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I.1.3. Viscoplastic model and energy dissipation 
A viscoplastic model which incorporates the effect of energy dissipation is used in this 
study to simulate both the cyclic response and creep response, and also used to predict the fatigue 
life. Phenomenological viscoplastic constitutive models have been formulated and used to describe 
creep and cyclic behaviors of metals at high temperatures, e.g., Bodner and Merzer [32], Freed et 
al. [33], among others. Viscoplastic constitutive models have been considered for predicting 
responses of materials where the effect of time-dependent and inelastic response is prominent. 
Laflen and Stouffer [34] used a single integral form for capturing time-dependent inelastic 
deformation in the materials, and this inelastic strain is superposed with the elastic strain in order 
to determine the total strain in the materials. The models presented by Freed et al. [33] considered 
the influence of time, stress, and temperature on the creep and cyclic responses of metals at 
elevated temperatures. A plastic strain rate model is defined in terms of the deviatoric stress and 
activation energy following the Arrhenius function for incorporating the temperature effect. The 
models were used to simulate steady-state hysteretic responses after a few cycles in alloys under 
various strain rates and strain amplitude and at different ambient temperatures. In these models, 
hysteretic responses after steady state is reached are constant and do not change with number of 
cycles. Both models are capable in capturing transient and steady creep strains when constant 
stresses are prescribed. The above models do not include the effect of energy dissipation due to 
creep and inelastic deformations during cyclic loadings.  
Several studies have discussed the importance of energy dissipation for monotonic loading 
conditions. Chaboche [35, 36] compared the stored energy and total plastic work for both uniaxial 
tension and cyclic loading cases. The results show that for a uniaxial tension, the general 
thermodynamic framework gives a good simulation of the stored energy and plastic work. 
Chaboche also pointed out that for cyclic loading, the stored energy is released for each half cycle, 
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and thus cyclic loading can accumulate higher energy dissipation. Rosakis et al. [37] discussed the 
influence of plastic work on temperatures. They also pointed out that for high-strain rate and short 
loading period, heat loss through conduction, convection or radiation in materials is negligible, 
hence the process can be assumed to be adiabatic and homogeneous. Predicting fatigue life in 
materials by incorporating the energy dissipation effect has been considered mostly for polymers, 
e.g., Constable et al. [38], Sauer [39], Janssen et al. [40], Ramkumar et al. [41], etc. Crawford et 
al. [42] indicated that since in contrast to metal, polymers have lower thermal conductivity and 
higher damping properties, it is more likely for polymers to experience thermal softening failure 
without crack propagation. To the best of our knowledge, only a few research discussed the 
relationship between energy dissipation and fatigue lifetime for metals. Lin et al. [43] related the 
cyclic fatigue lifetime of two metal Zirconium and Zircaloy-4 with the dissipated energy through 
a power-law relationship, which is an empirical approach. The plastic energy dissipation results in 
irreversibility and hysteretic behaviors, and causes a formation of fatigue striations and dislocation 
patterns. Hence, the plastic energy dissipation per cycle can be used as fatigue damage variable. 
From the above analysis, energy dissipation plays an important role in both cyclic response 
simulation and fatigue life prediction, hence consider energy dissipation, especially when the 
loading period is long and at elevated temperature, is very important in applications. 
 
I.2. Motivation and objective  
There have been many phenomenological models developed to predict the creep behavior, 
such as the viscoplastic models for metals [33, 44] and viscoelastic models for polyimides [26-28]. 
These phenomenological models are often expressed in general differential or integral form that 
is capable in capturing response of materials under various loading history. These types of 
constitutive models are normally rather complex mathematically, which often require numerical 
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methods to determine their responses, and therefore are often impractical in engineering design. 
In order to find a more efficient way to model the creep response and obtain the design stress for 
metals and polyimides, in this thesis, empirical models are used to characterizing creep behaviors 
of several alloys and some polyimide composites, such as NARloy-Z, Ti-6Al-4V, etc., at elevated 
temperature and identifying the primary mechanisms of creep deformations. The main focus is on 
understanding the primary (transient) creep responses; however, the secondary (steady state) creep 
is also examined, not only because the steady state creep is the limit at which the transient creep 
ends, but also because in the empirical model for the transient creep reported in Frost and Ashby 
[15], some of the material parameters depend on the steady state creep. The transient phase is 
being studied because the evaluation of specific material is carried out as part of a design 
evaluation for a supersonic high performance missile which undergoes a drastic maneuver 
producing high temperature for a short period of time. Therefore, a great deal of emphasis will be 
directed toward the initial stage of creep referred to as the transient phase. Note that even though 
empirical models are efficient in engineering design, the accuracy and ability of the empirical 
models are often limited to fixed loading conditions, and ignoring many aspects that can be crucial 
in predicting responses of materials. A safety factor is added when using empirical models to 
determine the design stress in order for the design to be safe. Hence, in this thesis, besides 
empirical models, a more accurate phenomenological model is also considered in analyzing creep 
and cyclic behaviors of alloys.  
Chapter II of this thesis discussed the empirical models used in the construction of steady-
state map and transient map, and developed MATLAB codes to generate the maps. Maps generated 
are also compared with the existing maps in Frost and Ashby [15] to verify the validation of the 
method used. 
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Parametric study is presented in Chapter III of this thesis. Noted that an empirical model 
generally requires extensive experimental data, and available data in literature have been used in 
order to generate deformation-mechanism maps for transient and steady state creeps. Therefore, 
parametric studies are needed to be conducted in order to understand the importance of each 
parameter in the empirical model on the creep behaviors.  
Steady-state map and transient map for NARloy-Z and Ti-6Al-4V are discussed in 
Chapter IV and Chapter V in this thesis, respectively. Design stresses, with a safety factor of 1.25, 
as a function of temperature and period of stress application that will provide confidence that a 
structure subjected to stresses and temperature below the appropriate stress/temperature line will 
have strain less than 0.2%, are also calculated in these two chapters. 
Chapter VI of this thesis considered a viscoplastic model, which can be used to understand 
both creep and cyclic responses of materials at elevated temperatures. Effect of energy dissipation 
is also included in this constitutive model. Temperature will increase due to energy dissipation, 
which will eventually influence the creep and cyclic response. Both hysteresis response and stress-
softening behavior are simulated with this viscoplastic model which include energy dissipation’s 
effect. 
Creep behavior and design stress of carbon/polyimide T650-35/PMR-15 is discussed in 
Chapter VII. Firstly the creep response of PMR-15 polyimide is modeled by an empirical power-
law model, then the response is combined with the response of carbon fiber T650-35 by using rule 
of mixtures. The creep response of polyimide composite is compared with results from a 
micromechanical model to verify the accuracy of the empirical model and rule of mixtures. 
Summaries and conclusions for this thesis are presented in Chapter VIII. 
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CHAPTER II  
CONSTRUCTION OF TRANSIENT AND STEADY STATE MAPS 
 
In order to show the dominant mechanism of transient and steady state creep deformations, and 
determine the corresponding strain rate under certain stresses and temperatures, deformation-
mechanism maps for steady state and transient creeps are constructed. In constructing the maps, 
the constitutive relations discussed in Frost and Ashby [15] are followed. The models are presented 
for one-dimensional loading conditions. In this task, two types of maps are constructed: steady-
state map for pure Nickel and transient map for 316-steel. These two metals are chosen since their 
material parameters considered in the constitutive models are available in literature, which allow 
for validating the constructed maps. The models are implemented in MATLAB and the codes are 
given in Appendix A. 
 
II.1. Technical procedures 
This section summarizes the constitutive relations used to create the deformation maps. 
Brief discussions of the models and material parameters are presented, and detailed discussion and 
explanation of the models can be found in Frost and Ashby [15]. 
 
II.1.1. Construction of the steady-state deformation mechanism maps 
From the Frost and Ashby [15], the net strain rate of a polycrystalline structure at steady 
state creep subject to an axial stress σ and temperature T is given as: 
ߛሶ௡௘௧ = ߛሶଵ + max ൫ߛሶ௣௟௔௦, ߛሶସ or ߛሶ଺൯ + max (ߛሶହ, ߛሶ଻) (2.1)
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where ߛሶଵ, ߛሶ௣௟௔௦, ߛሶସ , ߛሶ଺, ߛሶହ, ߛሶ଻ represent the strain rates of different deformation mechanisms. A 
small strain measure is considered in the above equation. The components of the strain rate in Eq. 
(2.1) are discussed below: 
઻ሶ ૚: Elastic Collapse 
The elastic collapse defines a stress level above which the crystal structure becomes 
mechanically unstable. The strain rate associated to the elastic collapse is defined as: 
ߛሶଵ = ∞ when ߪ ≥ ߙߤ 
ߛሶଵ = 0 when ߪ < ߙߤ 
(2.2)
where ߤ is the shear modulus of the material, and ߙ is a constant that is between 0.05 and 0.1, 
whose values depend on the crystal structures, magnitude of stress and the instability criterion of 
the material.  
઻ሶ ܘܔ܉ܛ: Low Temperature Plasticity 
According to Frost and Ashby [15], the rate of plastic strain at low temperatures depends 
on the obstacles in polycrystalline structures, which are classified into two classes: discrete 
obstacles that can be bypassed by a moving dislocation and compact obstacles that can be cut 
through by dislocations. Hence, there are two limitations for plastic deformations: plasticity 
limited by discrete obstacles and plasticity limited by lattice resistances. The strain rate for low 
temperature plasticity is the least of these two obstacles. For the discrete-obstacle controlled 
plasticity, the strain rate is: 
ߛሶଶ = ߛሶ଴݁ݔ݌ ൤−
߂ܨ
݇ܶ ቀ1 −
ߪ௦
߬̂ ቁ൨ (2.3)
For the plasticity limited by a lattice resistance, the strain rate is: 
ߛሶଷ =  ߛሶ௣ ൬
ߪ௦
ߤ ൰
ଶ
݁ݔ݌ ቎− ߂ܨ௣݇ܶ ൥1 − ቆ
ߪ௦
߬̂௣ቇ
ଷ/ସ
൩
ସ/ଷ
቏ (2.4)
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And the rate of plastic strain is determined from  
ߛሶ௣௟௔௦ = min (ߛሶଶ, ߛሶଷ) (2.5)
In the above equations, ߪ௦ is the shear stress, ߂ܨ is the activation energy for obstacle-controlled 
glide which characterizes the strength of a single obstacle, Δܨ௣ is the Helmholtz free energy of an 
isolated pair of kinks, k is the ideal gas constant, ߬̂௣ is a sufficient approximation of the flow stress 
at 0 K, ߛሶ଴ can be treat as a constant. According to Frost and Ashby [15], ߛሶ଴ is set to be 106/s to 
give a good fit to experimental data. Similarly, ߛሶ௣ is also assumed to be a constant 1011/s to fit the 
experiment data. 
઻ሶ ૝: Power-law creep by climb-plus-glide 
When the temperature is above 0.3 ெܶ for pure metals and above 0.4 ெܶ for alloys and most 
ceramics, where TM is the meting temperature, the strain rate is expressed by the following form: 
ߛሶ ∝ ൬ߪ௦ߤ ൰
௡
 (2.6)
In which the value for n is between 3 and 10, and this regime is called ‘power-law creep’. The 
strain rate for the power-law creep is: 
ߛሶସ =
ܣଶܦ௘௙௙ߤܾ
݇ܶ ൬
ߪ௦
ߤ ൰
௡
 (2.7)
where: 
ܦ௘௙௙ = ܦ௩ ൤1 +
10ܽ௖
ܾଶ ൫
ߪ௦ ߤൗ ൯
ଶ ܦ௖
ܦ௩൨ (2.8)
From the diffusion coefficient above, the rate equation for the power-law creep consists of two 
equations: When the core diffusion coefficient, ܦ௖  ≪ lattice diffusion coefficient,  ܦ௩, ܦ௘௙௙ ≈ ܦ௩, 
and the lattice diffusion is dominant. This mechanism occurs at high temperatures and low stresses, 
hence it is called ‘high-temperature creep (‘H.T. creep’)’. When ܦ௩ ≪ ܦ௖, the core diffusion is 
dominant, which occurs at low temperatures and high stresses, and hence it is called ‘low-
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temperature creep (‘L.T. creep’)’. In Eqs. (2.7) and (2.8) the parameters b is burgers vector and A2 
is a dimensionless constant. The relationship between A2 and Dorn constant A is A2=൫√3൯௡ାଵܣ. 
઻ሶ ૞: Harper-Dorn creep 
At sufficiently low stresses, for certain kinds of material, the steady-state strain rate ߛሶ  is 
found proportional to the stress ߪ௦. This mechanism is called Harper-Dorn creep. The strain rate 
for the Harper-Dorn creep is: 
ߛሶହ = ܣு஽
ܦ௩ߤܾ
݇ܶ ൫
ߪ௦ ߤൗ ൯ (2.9)
where AHD is a dimensionless constant, AHD= ߩ௠ߗܾ. 
 ઻ሶ ૟: Power-law breakdown 
When the stress is higher than 10ିଷߤ, the measured strain rates are greater than the values 
given by Eq.(2.7). Hence, the power-law breaks and is no longer applicable. In this situation, the 
strain rate equation is as follow: 
ߛሶ଺ =
ܣଶᇱܦ௘௙௙ߤܾ
݇ܶ ൤ݏ݅݊ℎ ൬ߙ
ᇱ ߪ௦
ߤ ൰൨
௡ᇲ
 (2.10)
where A2’ is a dimensionless constant, ܣଶᇱߙᇱ௡ᇲ=ܣଶ, ߙᇱ prescribes the stress level at which the 
power-law breaks down and n’ describes the power-law. 
 ઻ሶ ૠ: Diffusional Flow 
The strain rate equation for diffusional flow is given by: 
ߛሶ଻ =
42ߪ௦ߗ
݇ܶ݀ଶ ܦ௘௙௙ (2.11)
where: 
ܦ௘௙௙ = ܦ௩ ൤1 +
ߨߜ
݀
ܦ௕
ܦ௩൨ (2.12)
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Similar to the power-law creep, from the diffusion coefficient above, the strain rate equation for 
diffusional flow consists of two equations: When the boundary diffusion coefficient ܦ௕ ≪ lattice 
diffusion coefficient ܦ௩, ܦ௘௙௙ ≈ ܦ௩, and the lattice diffusion is dominant. This mechanism occurs 
at high temperatures, and is called ‘Nabarro-Herring creep (‘N-H creep’)’. Similarly, when ܦ௩ ≪
ܦ௕, the grain-boundary diffusion is dominant, which occurs at low temperatures, and is called 
‘Coble creep’.  
 
II.1.2. Construction of transient maps 
As discussed in the above section, from steady-state maps, strain rate under a given stress 
and temperature can be easily determined. However, in applications, design standards are usually 
based on transient and plastic strains, not the steady-state strain rate. Hence, it will be convenient 
for design if transient strain at a certain time under certain stress and temperature can be directly 
determined from a deformation map. This is the reason why the transient map is important in 
design applications. This chapter illustrates how the transient maps at different times are 
constructed. The strain equations used in the construction the transient maps are listed below. The 
transient strain is formed by superposition of these strain components. 
Elastic deformation 
The elastic strain corresponding to a shear stress ߪ௦ is: 
ߛଵ =
ߪ௦
ߤ  (2.13)
Low-temperature plasticity 
The work-hardening model using a power law is written as: 
ߪ = ߪ଴ + ܭߝ௣௠ (2.14)
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Inverting equation (2.14), and converting from the tensile to shear strain and stress, gives the 
following shear strain: 
ߛଶ = ൬
ߪ௦ − ߪ଴௦
ܭ௦ ൰
ଵ/௠
 (2.15)
In the above equations, ߪ଴  is the yield stress, ߪ଴௦  is the yield shear stress, K and Ks are the 
hardening constants, ܭ௦ = ܭ/ ቂ3 ቀ௠ାଵଶ ቁቃ, m is hardening exponent, ߝ௣ is plastic strain. 
Power-law creep 
The power-law creep is given by the following equation: 
ߛଷ = ߛ்ሼ1 − ݁ݔ݌(−ܥ௦ߛሶ௦௦ݐ)ሽ + ߛሶ௦௦ݐ (2.16)
where ߛሶ௦௦ is the steady state strain rate which can be calculated using equation (2.7), Cs is the 
transient constant, ߛ் is the transient strain and t is current time. 
Diffusional flow 
The strain caused by the diffusional flow is defined by: 
 ߛସ =
ߪ௦
ߤ ൜1 − ݁ݔ݌(−
ߛሶ௦௦ݐ
ߪ௦/ߤ)ൠ + ߛሶ௦௦ݐ (2.17)
where ߛሶ௦௦ is the steady state strain rate which can be calculated using equation (2.11). 
Similar to the steady-state strain rate for diffusional flow, the strain caused by the 
diffusional flow is divided into two parts: the diffusional flow caused by boundary diffusion and 
the one caused by lattice diffusion. At higher temperatures the lattice diffusion is dominant, while 
at lower temperatures the boundary diffusion is dominant. 
 
II.1.3. Algorithm for constructing maps and region boundaries  
In order to find the dominant region for elastic deformation, plasticity, power-law creep 
and diffusional flow, respectively, boundaries between each mechanism should be drawn in the 
map. In this study, the boundary between plasticity and power-law creep is used as an example to 
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illustrate how to determine the boundary: When the plastic strain γଶ and power-law strain γଷ both 
give pronounced contribution to the total strain (ߛଶ = ߛଷ > ߛଵ and ߛସ), then the temperatures and 
stresses which make up ߛଶ and ߛଷ satisfy the above relationship are recorded. However, since the 
temperatures and stresses, which satisfy the inequality may not give the exact value of the strain 
limit, a tolerance is included to the strain in order to define a boundary. For the boundary between 
the plasticity and power-law creep regions, the tolerance is set to be 0.08ߛଷ to determine a clear 
boundary between these mechanisms, i.e., all temperatures and stresses that satisfy the inequalities 
( |ߛଶ − ߛଷ| < 0.08ߛଷ, ߛଶ > ߛଵ and ߛସ, ߛଷ > ߛଵ and ߛସ ) are recorded. Then, the loci of these 
temperatures and stresses are plotted on the map. Since at these points, the plastic strain ߛଶ and 
power-law strain ߛଷ are the largest among all mechanisms and equal to each other, then their loci 
can be considered as the ‘boundary’ between these two mechanisms. Similarly, all boundaries 
between two regions can be constructed using the same approach. The results of the transient map 
and region boundaries are shown in section 3, ‘results and discussions’. 
Once the material properties listed the steady state and transient creep models are 
determined, the steady-state and transient maps for a certain material can be constructed and 
numerically implemented in MATLAB. To present the construction process of the steady-state 
map and transient map clearly, a flow chart for both map is presented as Figure 2.1 below: 
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Figure 2.1 Flow chart for steady-state map (top) and transient map (bottom) 
 
II.1.4. Material constants and assumptions 
In this section, two materials are considered for constructing the deformation maps. Pure 
Nickel is used in the construction of steady-state map and 316-steel is used in the construction of 
transient map.  Constants and material properties are listed in Table 2.1 and Table 2.2. These tables 
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are taken from Frost and Ashby [15]. The main intention of this section is to validate the 
constructed maps by comparing them with available maps in literature. 
 
Table 2.1 Material properties for pure Nickel [15] 
Crystallographic and thermal data  
Atomic volume, ߗ (݉ଷ) 1.09 × 10ିଶଽ
Burgers vector, ܾ (݉) 2.49 × 10ିଵ଴ 
Melting temperature, ெܶ (K) 1726 
Modulus  
Shear modulus at 300K, μ଴ (ܯܲܽ) 7.89 × 10ସ
Temperature dependence of modulus, ்ಾఓబ
ௗఓ
ௗ் -0.64 
Lattice diffusion  
Pre-exponential, ܦ଴௩ (݉ଶ/ݏ) 1.9 × 10ିସ 
Activation energy, ܳ௩ (݇ܬ/݉݋݈݁) 284 
Boundary diffusion  
Pre-exponential, ߜܦ଴௕ (݉ଶ/ݏ) 3.5 × 10ିଵହ 
Activation energy, ܳ௕ (݇ܬ/݉݋݈݁) 115 
Core diffusion  
Pre-exponential, ܽ௖ܦ଴௖ (݉ଶ/ݏ) 3.1 × 10ିଶଷ
Activation energy, ܳ௖ (݇ܬ/݉݋݈݁) 170 
Power-law creep  
Exponent, ݊ 4.6 
Dorn Constant, ܣ 3.0 × 10଺ 
P-L breakdown --- 
Obstacle-controlled glide  
0K flow stress ߬̂/ߤ(300ܭ) 6.3 × 10ିଷ
Pre-exponential for obstacle-controlled glide ߛሶ଴ (ݏିଵ) 10଺ 
Activation energy for obstacle-controlled glide Δܨ/ܾଷߤ(300ܭ) 0.5 
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Table 2.2 Material properties for 316 steel [15] 
Crystallographic and thermal data  
Atomic volume, ߗ (݉ଷ) 1.21 × 10ିଶଽ 
Burgers vector, ܾ (݉) 2.58 × 10ିଵ଴ 
Melting temperature, ெܶ (K) 1810 
Modulus  
Shear modulus at 300K, ߤ଴ (ܯܲܽ) 8.1 × 10ସ 
Temperature dependence of modulus, ்ಾఓబ
ௗఓ
ௗ் -0.85 
Lattice diffusion  
Pre-exponential, ܦ଴௩ (݉ଶ/ݏ) 3.7 × 10ିହ 
Activation energy, ܳ௩ (݇ܬ/݉݋݈݁) 280 
Boundary diffusion  
Pre-exponential, ߜܦ଴௕ (݉ଶ/ݏ) 2 × 10ିଵଷ 
Activation energy, ܳ௕ (݇ܬ/݉݋݈݁) 167 
Power-law creep  
Exponent, ݊ 7.9 
Dorn Constant, ܣ 1.0 × 10ଵ଴ 
P-L breakdown --- 
Obstacle-controlled glide  
0K flow stress ߬̂/ߤ(300ܭ) 6.5 × 10ିଷ 
Pre-exponential for obstacle-controlled glide ߛሶ଴ (ݏିଵ) 10଺ 
Activation energy for obstacle-controlled glide Δܨ/ܾଷߤ(300ܭ) 0.5 
Work-hardening  
Initial yield stress, ߪ௢௦/ߤ଴ 7.5 × 10ିସ − 2.2 × 10ି଻ܶ 
Hardening exponent, m 0.31 + 6 × 10ିହܶ 
Hardening constant, ܭ௦/ߤ଴ 2.5 × 10ିଷ − 5.7 × 10ି଻ܶ 
Transient power-law creep  
Transient strain ߛ௧ 0.087 
Transient constant ܥ௦ 46.0 
 
 
 
In Table 2.2, there are several references for the transient power-law creep parameters. 
According to Amin et al. [13], the transient strain for stainless steel is 0.065 and the transient 
constant is 34.6. A parametric study in chapter III will later show that the difference between the 
obtained values from Amin et al. [13] and Frost and Ashby [15] will not cause significant 
difference in the transient map. However, since the purpose of this chapter is to compare the maps 
developed in this study to the maps proposed by Frost and Ashby [15], parameters in Table 2.2 
are used to construct the transient map in this chapter. 
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Also, note that some parameters listed in the strain rate equations are calculated from the 
parameters listed in the above tables: 
 ߤ = ߤ଴ ቈ1 +
(ܶ − 300)
ெܶ
ெܶ
ߤ଴
݀ߤ
݀ܶ቉ (2.18)
 ܦ௩ = ܦ଴௩݁ݔ݌(−
ܳ௩
ܴܶ) (2.19)
 ߜܦ௕ = ߜܦ଴௕݁ݔ݌(−
ܳ௕
ܴܶ) (2.20)
 ܽ௖ܦ௖ = ܽ௖ܦ଴௖݁ݔ݌(−
ܳ௖
ܴܶ) (2.21)
Also, the grain size of pure Nickel is assumed to be 1 micro meter, while the grain sizes of 316 
steel are assumed to be 75 micro meter and 100 micro meter, respectively, in order to study the 
grain size’s effect on the transient behavior of 316 steel.  
 
II.2. Results and comparisons with existing maps 
II.2.1. Steady-state deformation mechanism map for pure Nickel 
The steady-state deformation mechanism map for pure Nickel at various stresses and 
temperatures is shown in Figure 2.2. The dominant mechanisms are also marked in their associated 
regions and the strain rates associated to the different lines are labeled. The map is constructed by 
considering the grain size of 1 μm. The lines represent strain rates, e.g., 1.e-10/sec, etc. These lines 
are constant rates and can trace for varying temperature the normalized shear stress with the given 
deformation parameter.  
From Figure 2.2, it is seen that if we consider relatively slow strain rates (up to 10ି଺/s), 
diffusional flow will dominate the deformations for most stresses and temperatures. For Nickel, 
there is no Nabarro-Herring creep in the diffusional flow area. The reason is even at high 
temperatures, the boundary diffusion coefficient ܦ௕ ≫  lattice diffusion coefficient  ܦ௩ , 
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hence ܦ௘௙௙ ≈ ߨߜܦ௕/݀, and the grain-boundary diffusion is dominant. In such case, the Coble 
creep will control the rate at all temperatures for Nickel. Figure 2.2 corresponds to a steady-state 
deformation map for pure Nickel in Fig.4.1 of Frost and Ashby [15], which is shown in Figure 2.3. 
This comparison confirms the accuracy of the numerical implementation of the models.   
 
 
Figure 2.2 Steady-state deformation mechanism map for pure Nickel 
 
 
Figure 2.3 Deformation mechanism for nickel from Frost and Ashby [15] (Fig. 4.1) 
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II.2.2. Transient maps for 316 Steel 
The transient maps at different times (1 hr, 3hrs, 3 yrs, 30 yrs) are shown in Figure 2.4. 
The three figures, Figure 2.4(b-d) correspond to the transient maps in Frost and Ashby [15], given 
in Figure 2.5 (or Fig. 17.1, Fig 17.2, Fig17.3 in Frost and Ashby [15]), respectively, and Figure 
2.4a is the prediction of the transient strain behavior at one hour generated based on the above 
model and material parameters and it does not belong to Frost and Ashby [15]. 
 
   
Figure 2.4 Transient map for 316 steel at different times. a):1 hour b):3 hours c):3 years d):30 
years 
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a)Transient map for 3 hours b)Transient map for 3 years c)Transient map for 30 years
Figure 2.5 Transient creep maps for 316 steel at different times from Frost and Ashby [15]. a):3 
hours (Fig. 17.1) b):3 years (Fig. 17.2) c):30 years (Fig. 17.3) 
 
 
 
Comparing Figure 2.4(b-d) and those of Frost and Ashby [15], the transient maps 
generated in this study have been validated, which can be used to generate transient maps for other 
materials. The transient map in Figure 2.4a can be considered as a good approximation of the 
transient behavior of 316 steel at 1 hour. It is seen from Figure 2.4(b-d) that at relatively low 
stresses and under short duration of creep loading and temperatures below 0.7 melting temperature, 
the transient creep is dominated by elastic deformation; however at long-term creep, the elastic 
deformation dominates at relatively low temperature (below 0.4 melting temperature) and 
diffusional flow becomes more pronounced. As expected at higher stresses, plastic deformation 
and power law creep become dominant. This is because at higher stresses, loading exceeds the 
threshold of yield strength of the materials, and the yield strength is temperature dependent, which 
will be discussed later in Chapter IV. It is noted that the focus of this study is on short-term loading 
in the transient region with relatively high temperature and the objective is to determine a design 
stress with selected material that meets design criteria for a supersonic high performance missile 
which undergoes a drastic maneuver producing high temperature for a short period of time.  
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In order to understand the effect of grain sizes, two transient maps at the same time (3 hrs), 
for two different grain sizes are plotted in Figure 2.6 as part of the parametric study. Comparing 
these two figures, when the grain size is smaller, the lattice diffusion controls the diffusional flow 
area (Nabarro-Herring creep dominated area is larger). When comparing Figure 2.4a to Figure 
2.4d, increasing the loading time for creep will also increase the lattice diffusion controlled area 
(Nabarro-Herring creep area) and hence, a decrease in the grain size has similarly effect as longer 
creep time. 
 
 
Figure 2.6 Transient map for 316 steel with different grain sizes. (left: 100μm. right: 75μm) 
 
Once the deformation maps, both steady state and transient, are constructed for certain 
materials it is then possible to classify the deformation mechanisms of these materials when 
subjected to various applied stresses and at different temperatures. The creep responses at certain 
stress and temperature can then be plotted since the proper model associated with such external 
stimuli has been identified. For example, when the applied stress and temperature falls in the 
power-law creep dominate zone, the transient creep response at different time can be determined 
from the following equation: 
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                                        ߝ = ߝ௧൫1 − ݁ݔ݌ି஼ఌሶ ೞೞ௧൯ + ߝሶ௦௦ݐ                       (2.22) 
The steady state strain rate ߝሶ௦௦ can be found from the steady-state deformation mechanism map, 
and the constants ߝ௧ and C have to be calculated from the given experimental data. ߝ௧ and C  for 
some metals and alloys can be found from Amin et al. [13]. Parametric study is also conducted for 
the strain: we fixed ߝ௧ to see how the constant C affects the strain, then we fixed C to see how ߝ௧ 
affect the strain. The steady-state strain rate is assumed to be 0.001/s. The results are shown in 
Figure 2.7. From Figure 2.7, when the transient strain ߝ௧  is fixed to be 1, increasing transient 
constant C accelerates the transient creep deformation, while when C is fixed and  ߝ௧ increased, 
the slope for strain-time curve will remain unchanged, and ߝ௧ will only influence the amplitude of 
the strain. Furthermore, the above parameters C, ߝ௧ and ߝሶ௦௦ can vary with temperatures. The effect 
of temperature-dependent parameters is discussed in Chapter III. 
 
 
 
Figure 2.7 Creep responses of Nickel: the effect of C (left) and the effect of ߝ௧ (right). Unit time 
is in seconds. 
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II.3. Discussions for the construction of deformation mechanism maps 
The following discussions regarding the construction of both the steady-state map and 
transient map are made from this chapter: 
(1) Both steady-state map and transient maps presented in this chapter correlate well with the 
maps presented in Frost and Ashby [15]. Therefore, models and numerical 
implementations used in this chapter can be used to study transient and steady state creeps 
of variety of metals and alloys at elevated temperatures, provided that material parameters 
are available. Transient creep responses at different times and loading conditions can also 
be constructed based on the information given in the maps.  
(2) From the constructed transient maps, it is seen that the deformation mechanisms depend 
strongly on the magnitude of stress, ambient temperature, and duration of creep loading. 
As time progresses, the transient behavior of 316 Steel shows the following changes: both 
plastic and elastic deformation dominant areas decrease, the Nabarro-Herring creep 
dominant area increases dramatically, while the Coble creep dominant area almost stays 
unchanged. The main reason for this trend could be associated to changes in the 
microstructures of the materials with external stimuli, i.e., at higher temperatures the 
materials become softer and leading to fluid-like behaviors as it is close to melting 
temperatures, and therefore there are easily flow when subjected to stresses, shown by 
more dominant creep behaviors. 
(3) The effect of grain sizes on the transient responses has also been studied, although it is 
limited to two grain sizes, i.e., 75 and 100 μm for 316 steels. The transient map shows 
very little effect of grain sizes, however it should be mentioned that this is perhaps due to 
a relatively close grain sizes considered in this study. 
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CHAPTER III  
PARAMETRIC STUDIES ON THE TRANSIENT AND STEADY STATE 
MAPS 
 
In order to construct a transient map, following the models discussed by Frost and Ashby [15], 
several material parameters are required. Normally these parameters can be found in literatures; 
however, for some alloys, some of these parameters are currently not available. In such a situation, 
several estimations and assumptions are made in order to determine the material parameters. In 
this chapter, parametric studies are conducted in order to understand the effect of each material 
parameter on the overall transient map. The results from these parametric studies can help with 
determining the material parameters in constructing the transient map. For this purpose, Nickel is 
used as an example to see how its material parameters influence the transient map. The reason for 
using Nickel is because all steady-state parameters and transient parameters are available in 
literatures (Frost and Ashby [15], Amin et al. [13]).  
 
III.1. Parameters used to construct a transient map 
The equations used to construct a transient map are given in Chapter II. The transient 
strain is the superposition of the deformations due to elastic, plastic, creep, and diffusional flow 
behaviors. Typically, material parameters associated with the elastic behaviors (see Eq. (2.13)) are 
available in the literature. Shear moduli for most materials are temperature dependent, and for 
Nickel, the relation between shear modulus ߤ and temperature T can be found in Frost and Ashby 
[15] written as: 
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ߤ = ߤ଴ ൬1 +
(ܶ + 300)
ெܶ
ߤଵ൰ (3.1)
where ߤ଴  is the shear modulus at 300K, ߤଵ (written as ( ்ಾఓబ
ௗఓ
ௗ்)  in Frost and Ashby [15])is 
temperature dependence of the modulus, which can be found in the literatures, and ெܶ  is the 
melting temperature of the material. 
For the plastic behavior, the strain is given in Eq. (2.15), where the information on the 
hardening parameters, which are yield stress ߪ଴௦, hardening constant ܭ௦ and hardening exponent 
݉ can be found in literatures for most materials. However, for a few alloys, these parameters are 
not available. In such a case their values are assumed similar to alloys that have the same main 
metal component. However, such assumptions do not necessarily give reasonable properties for 
the alloys. Hence, in this chapter, each of these three parameters are first varied by 10% to see 
their effects on the transient map and determine whether assumed values on these parameters will 
cause significant changes to the transient map. Later, the effect of these material parameters under 
variations higher than 10% is presented. 
When considering the power law creep behavior given in Eq. (2.16), one notices there are 
two material parameters: ߛ் and ܥ௦. These two parameters are not available in the literature for 
some alloys. Hence, a parametric study is conducted on these two parameters in order to find their 
influence on the transient map. If experimental data are available, their values can be easily 
determined. Another value need to be considered, in Eq. (2.16), is the steady-state strain rate ߛሶ ௦௦. 
Not all material parameters in the steady state strain rate equation are available, and hence the 
effective value for ߛሶ௦௦ cannot always be found. We also study the effect of ߛሶ௦௦ on the transient 
creep by varying its values by 10%. 
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From equations (2.17), the transient strain for diffusional flow involves material 
parameters that are used for the elastic and creep responses. Following the power-law creep part, 
the value for ߛሶ௦௦ is varied by 10% to see its effect on the transient map. 
 
III.2. Summary of parameters considered 
From the above equations for the transient creep, seven parameters are studied:  initial 
yield stress σ଴ୱ , hardening exponent  m , hardening constant  ܭ௦ , transient strain ߛ் , transient 
constant ܥ௦ , steady-state strain rate ߛሶ௦௦  in power-law creep, and steady-state strain rate ߛሶ௦௦  in 
diffusional flow. The above material parameters are considered since in many cases they are not 
available in the literature, and these material parameters are relevant for the transient map. Table 
3.1 summarizes their original values and values after 10% change (later we will also see the 
responses when the variation is more than 10%). Also, for the parameters, which are not considered 
in the parametric studies but used in constructing the map, their values are listed in Table 3.2. 
Using the values given in Table 3.1 and Table 3.2 in equations (2.13)-(2.18), the transient maps 
are constructed in order to examine then the effect of these parameters on the map. Results are 
discussed in next section. 
 
Table 3.1 Summarize of material parameters considered 
parameter Original value Decrease 10% Increase 10% 
initial yield stress ߪ଴௦ 
(Mpa) 106.81         (a) 96.13 117.49 
hardening exponent ݉ 0.387          (a) 0.548 0.426 
hardening 
constant ܭ௦, 64.51          (a) 58.06 70.96 
transient strain ߛ் 0.0596          (b) 0.0536 0.0656 
transient constant ܥ௦  199.763         (b) 179.787 219.739 
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Table 3.1 Continued 
parameter Original value Decrease 10% Increase 10% 
ߛሶ௦௦ in power-law 
creep from Eq. (6)    (c) --- --- 
ߛሶ௦௦ in diffusional flow from Eq. (8)    (c) --- --- 
*(a) Data from Boyer [45].                                            
*(b) Data from Amin et al. [13].                              
*(c) Use the same method as Frost and Ashby [15], chapter 4. 
 
 
 
Table 3.2 Other material parameters for Nickel 
Material Parameter Value 
Atomic volume ߗ (݉ଷ) 1.09E-29 
Burgers vector ܾ (݉) 2.49E-10 
Melting temperature ெܶ (ܭ) 1726 
Shear modulus at 300K ߤ଴ (ܯܲܽ) 7.89E04 
Temperature dependence of modulus ்ಾఓబ
ௗఓ
ௗ் -0.64 
Pre-exponential for lattice diffusion ܦ଴௩ (݉ଶ/ݏ) 2.0E-06 
Activation energy for lattice diffusion ܳ௩ (݇ܬ/݉݋݈݁) 193 
Pre-exponential for boundary diffusion ߜܦ଴௕ (݉ଶ/ݏ) 5.0E-14 
Activation energy for boundary diffusion ܳ௕ 
(݇ܬ/݉݋݈݁) 104 
Pre-exponential for core diffusion ܽ௖ܦ଴௖ (݉ଶ/ݏ) 1.0E-24 
Activation energy for core diffusion ܳ௖ (݇ܬ/݉݋݈݁) 122 
Exponent for power-law creep ݊ 3.8 
Dorn Constant ܣ 11 
*Data from Frost and Ashby [15] 
 
III.3. Results and discussion 
III.3.1. Effect of steady-state parameters 
Even though the main purpose of this chapter is to study the influence of transient 
parameters to the transient map, steady-state parameters are equally important for the construction 
of the transient map since as in Eq.(2.16) and Eq.(2.17), the results from steady-state map are used 
in the construction of the transient map. Hence, before studying the transient parameters proposed 
in section 2, the effect of steady-state parameters, presented by Moore (2015) on transient map is 
summarized in Table 3.3 as follow: 
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Table 3.3 The effect of steady-state parameters on the transient map 
Highest Variation For a Given 
Parameter 
maximum 
percent 
change from 
initial 
program 
output at 
50% ெܶ/T 
maximum 
variation of 
single 
parameter 
for 
specified 
parameter 
at 50% 
T/ ெܶ 
maximum 
percent 
change 
from initial 
program 
output at 
100% ெܶ/T 
maximum 
variation of 
single 
parameter 
for 
specified 
parameter 
at 100% 
T/ ெܶ 
atomic volume (omega) 5.55% 100% 4.18% 100% 
Burger's Vector (b) 3.92% 100% 4.30% 100% 
Melting temp ( ெܶ) 13.58% 20% 1.49% 50% 
grain size (d) 10.86% 50% 9.06% 100% 
Shear modulus at 300 K (ߤ଴) 1.31% 1000% 0.20% 1000% 
Temp. Dependence of ߤ(ߤ௧ௗ) 0.30% 100% 0.30% 100% 
Power Law Exponent (n) 9.09% 3% 10.08% 3% 
Lattice Diffusion Coefficient 
(ܦ௢௩) 13.32% 1000% 1.59% 1000% Activation Energy for  Lattice 
Diffusion (ܳ௩) 10.41% 4% 15.84% 20% Boundary Diffusion 
Coefficient (ߜܦ௢௕) 9.96% 300% 2.22% 300% Activation Energy for 
Boundary Diffusion (ܳ௕) 9.70% 5% 1.88% 100% 
*Results come from Mark Moore, Study of the Variation of the Outcome of a Strain Map for 316-1 
Steel with Changing Parameters, 2015, unpublished. 
 
From the above table, it is clear that for steady-state parameters, some parameters have 
significantly more influence on the transient map than other parameters, such as grain size and 
activation energy for lattice diffusion and boundary diffusion. Hence, one should be careful when 
choosing values for these parameters, since a small error on these parameters may cause large error 
in the map. 
This chapter presents parametric studies for the transient map, and in many cases the 
steady-state strain rate is known from experimental data (as the example of Narloy-Z shown in 
next chapter). The results for transient parameters are discussed in the following sections. 
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III.3.2. Effect of single parameters 
The original transient map is constructed using the original values in Table 3.1 and 
Table 3.2, shown in Figure 3.1. Next, each parameter shown in Table 3.1 is varied while keeping 
the remaining parameters the same as the original values, and the transient map is then compared 
to the one in Figure 3.1. 
 
 
Figure 3.1 Original transient map for Nickel 
 
Initial yield stress ࣌૙࢙ 
Comparing Figure 3.2 with Figure 3.1, we can see that 10% variation of  ߪ଴௦ does not 
cause any significant changes in the map. The only noticeable difference is at the boundary of 
power-law creep part; if  ߪ଴௦ is increased the power-law dominant area will increase slightly and 
it will decrease a little bit if  ߪ଴௦ is decreased. In order to see the difference in the strain contours, 
responses in Figure 3.1 are plotted together with the ones in Figure 3.2. The results are shown in 
Figure 3.3 (left). It is seen that the strain contours with different yield stresses coincide, except for 
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the plasticity dominated area. At the right hand side of Figure 3.3, the plasticity dominated area is 
enlarged. Only for smaller strain contours, the yield stress has more pronounced effect.  From 
Table 2.2 of chapter II, we can see that each degree change in temperature will only cause 0.1% 
change on  ߪ଴௦ . Hence, if temperature-dependent value for  ߪ଴௦  is not available in literatures, 
ignoring the temperature effect would not introduce significant error to the map. 
 
b) 0.9 initial yield stress σ଴௦ c) 1.1 initial yield stress σ଴௦ 
Figure 3.2 Transient maps after changing initial yield stress σ଴௦ 
 
Figure 3.3 Comparisons of strain contours due to variations of initial yield stress 
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Hardening exponent ࢓  
Similar to the initial yield stress ߪ଴௦, changes in the hardening exponent ݉ do not cause a 
significant change to the map. If we compare Figure 3.4 with Figure 3.1, especially in the plastic 
and power-law creep zones, we can see that increasing m slightly moves the contour up and 
decreasing m slightly moves the contour down. This can be seen clearly in Figure 3.5 where the 
responses from different hardening exponents are plotted together. Similar to the yield stress, 
changes in hardening exponent will only influence the plasticity dominated zone. It is seen that 
unlike ߪ଴௦ , the hardening exponent ݉  will mainly influence larger strain contours. However, 
similar to ߪ଴௦ , each degree change in temperature will only cause 0.1% change on ݉. Hence, 
neglecting the temperature effect of m would not introduce large error to the map. 
 
a) 0.9 hardening exponent m b) 1.1 hardening exponent m 
Figure 3.4 Transient maps after changing hardening exponent m 
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Figure 3.5 Comparisons of strain contours due to variations in hardening exponent 
 
Hardening constant ࡷ࢙ 
Similar with other two parameters above, changes in the hardening constant ܭ௦ do not 
cause significant changes to the map, as seen when comparing Figure 3.6 with Figure 3.1. For the 
plastic and power-law creep zones, we can see that increasing the hardening constant ܭ௦ elevates 
the contour and decreasing it lowers the contour from the original values. This conclusion can be 
seen clearly in Figure 3.7. Each degree change in temperature will only cause 0.01% change on ܭ௦ 
based on the value in Table 2.1. Hence, neglecting the temperature effect of  ܭ௦  would not 
introduce large error to the map. 
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a) 0.9 hardening constant ܭ௦ b) 1.1 hardening constant ܭ௦ 
Figure 3.6 Transient maps after changing hardening constant ܭ௦ 
 
Figure 3.7 Comparisons of strain contours due to variations in hardening constant 
 
Transient strain ࢽࢀ 
Also, 10% change on transient strain ߛ் does not cause significant changes to the transient 
maps, as shown in Figure 3.8.  From the contours in Figure 3.9, even in the enlarged figure, the 
change caused by the transient strain is still quite small. 
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a) 0.9 transient strain ߛ் b) 1.1 transient strain ߛ் 
Figure 3.8 Transient maps after changing transient strain ߛ் 
 
Figure 3.9 Comparisons of strain contours due to variations in transient strain 
 
Transient constant ࡯࢙ 
Similar to ߛ், 10% change on the transient constant ܥ௦ does not cause obvious change on 
the transient map as shown in Figure 3.10 and Figure 3.11.  
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a) 0.9 transient constant ܥ௦ b) 1.1 transient constant ܥ௦ 
Figure 3.10 Transient maps after changing transient constant ܥ௦ 
 
Figure 3.11 Comparisons of strain contours due to variations in transient constant 
 
Power-law creep steady-state strain rate ࢽሶ ࢙࢙ 
Comparing Figure 3.12 with the original map, we can see that a 10% difference on steady-
state strain rate ߛሶ௦௦ does not cause obviously change in the map. From the contours in Figure 3.13, 
power-law creep steady-state strain rate will only have a slight influence on the power-law creep 
dominated zone, which means that 10% error in the steady-state strain rate does not cause 
significant error on the transient map. 
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a) 0.9 power-law creep steady-state strain rate ߛሶ௦௦ b) 1.1 power-law creep steady-state strain rate ߛሶ௦௦ 
Figure 3.12 Transient maps after changing power-law creep steady-state strain rate ߛሶ௦௦ 
 
 
Figure 3.13 Comparisons of strain contours due to variations in power-law creep strain rate 
 
Diffusional flow steady-state strain rate ࢽሶ ࢙࢙ 
Comparing Figure 3.14 with Figure 3.1, we can see that a 10% difference on steady-state 
strain rate ߛሶ௦௦ does not cause obvious change on the map. However, in Figure 3.15, we can see 
that for diffusional flow dominated area, especially at low stress and high temperature, a 10% 
difference on steady-state strain rate can have some noticeable influence on the map. 
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a) 0.9 diffusional flow steady-state strain rate ߛሶ௦௦ b) 1.1 diffusional flow steady-state strain rate ߛሶ௦௦ 
Figure 3.14 Transient maps after changing diffusional flow steady-state strain rate ߛሶ௦௦ 
 
 
Figure 3.15 Comparisons of strain contours due to variations in diffusional flow strain rate 
 
Grain size d 
Unlike other parameters listed above, the grain size d does not directly influence the 
transient behavior of a material. However, the grain size would have a big influence on the steady-
state strain rate, therefore influencing the transient map indirectly. Transient maps with grain size 
0.1ߤ݉, 1ߤ݉, 10ߤ݉ are plotted in Figure 3.16 below. 
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Figure 3.16 Transient maps for grain size 0.1μm, 1μm and 10μm 
 
As seen in Figure 3.16 above, the grain size significantly affects the transient map. When 
the grain size is relatively small, such as 0.1ߤ݉, the power-law creep dominant zone is very small 
compare to the original map with a grain size 1ߤ݉. Also, the contours ‘move’ to the left on the 
map, which means at smaller grain size, the strain will be larger at the same temperature and stress. 
Similarly, when the grain size is relatively large, the area of power-law creep zone increases, the 
contours ‘move’ to the right, This means the strain at fixed stress and temperature decreases when 
compare to the one with smaller grain size. 
 
III.3.3. Effect of multi-parameters 
From the previous discussions in section 3.2, the effect of varying a single parameter on 
the transient map is very small. Hence, in this section, several parameters are varied at the same 
time to see their effects on the map.  Since there are too many parameters to be considered, first 
attempt is done by grouping the parameters by which they are associated to certain deformation 
mechanisms. Hence,  ߪ଴௦ , ܭ௦  and ݉  are studied together since they contribute to the work-
hardening, and ߛ் and ܥ௦ contribute to the power-law creep. 
Work-hardening parameters: ࣌૙࢙, ࡷ࢙ and ࢓ 
By observing equation (2.15), we can see that increasing ߪ଴௦, ܭ௦ and ݉ will decrease the 
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plastic strain ߛ2. Hence, if we consider the ‘worst case scenario’, we can increase these three 
parameters together or decrease them together to get the biggest influence on the overall strain. 
Since from the previous analysis, the 10% change is too small, we change all parameters by 20% 
in this section. 
Figure 3.17a presents the transient map when increasing ߪ଴௦, ܭ௦ and ݉ by 20%. When 
comparing Figure 3.17a with the original map in Figure 3.1, it is seen that in the plastic zone, the 
strain is decreased dramatically, while in other region the strain does not change significantly. This 
is because increase in ߪ଴௦, ܭ௦ and ݉ will only decrease the plastic strain; hence the change in the 
strain contours is only obvious in the plastic zone. Similar observations are seen when the 
parameters ߪ଴௦, ܭ௦ and ݉ are reduced by 20% (see Figure 3.17b). 
 
a)  ߪ଴௦, ܭ௦ and m are increased by 20% b) ߪ଴௦, ܭ௦ and m are decreased by 20% 
Figure 3.17 Transient maps when ߪ଴௦, ܭ௦ and m are changed together by 20% 
 
In order to clearly see the difference in strains, a homologous normalized temperature is 
fixed to be 0.2, and the strain-normalized stress curve is plotted in Figure 3.18. From Figure 3.18, 
we can see that when the stress is small, the change of ߪ଴௦, ܭ௦ and ݉ will not influence the strain, 
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because if we refer to the transient map, we can see that this stress region corresponding to the 
elastic zone, and from the previous analysis, changes in ߪ଴௦, ܭ௦ and ݉ will only have influence on 
the plastic zone. When the stress is high, the dominant mechanism change from elastic to plastic, 
in this zone increase in ߪ଴௦, ܭ௦ and ݉ will decrease the strain and decrease in ߪ଴௦, ܭ௦ and ݉ will 
increase the strain. 
 
 
Figure 3.18 Strain-normalized stress curve when change ߪ଴௦, ܭ௦ and m 
 
To examine how much the 20% change influence the strain, the differences between the 
blue and red curves and the differences between the green and red curves in Figure 3.18 are shown 
in Figure 3.19. From Figure 3.19, the difference is nearly zero when normalized stress is below 
2E-3. When the normalized stress is greater than 2E-3, the difference caused by the parameter 
change increases dramatically. A percentage difference is shown in Figure 3.20. From Figure 3.20, 
the percentage difference is almost zero when normalized stress is below 2E-3. However, when 
normalized stress is above this value, the percentage difference increase suddenly to almost 100%, 
and stays between 80% and 100%. However, referring to Figure 3.18, the strain corresponding to 
the normalized stress greater than 3E-3 is about 100%, which is very large in application. Hence, 
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the ‘meaningful’ range of normalized stress is 0 to about 3E-3. Below 2E-3, the difference caused 
by changes in the parameters is very small. In the case of Nickel, unless the stress is between 2E-
3 and 3E-3, 20% decrease on the hardening parameters would not cause any significant effect on 
the prediction of the transient strain. 
 
 
Figure 3.19 Difference between original strain and strain from 20% decreased hardening 
parameters 
 
 
 
Figure 3.20 Percentage difference between original strain and strain from 20% decreased 
hardening parameters 
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Figure 3.21 shows the difference between strains from original parameters and from 20% 
increased parameters. When the normalized stress is small (below 2.5E-3), the difference is almost 
zero. When the normalized stress is above this value, the difference will increase dramatically. A 
percent difference is shown Figure 3.22. From Figure 3.22, the percent difference shows a sudden 
increase from 0 to almost 100% when the normalized stress equals to 2.5E-3, and stays between 
65% and 100% after that. The plot also shows a sudden drop after the percent difference reaches 
its peak value. The reason for the sudden drop is related to Figure 3.18 and Figure 3.21, in which 
the difference between the original strain and the strain with 20% increase in hardening parameters 
will increase dramatically after the normalized stress reaches 2.5E-3, but the increase will slow 
down after about 3E-3. However, on Figure 3.18, the increase in the original strain does not slow 
down after 3E-3, so the percent difference in Figure 3.22 shows a sudden drop after reaching peak 
at 3E-3. Similarly with decrease in the hardening parameters, referring to Figure 3.18, the strain 
will be too large when the normalized stress greater than 5E-3. For Nickel, only when the 
normalized stress is between 2.5E-3 and 5E-3, the increase in the hardening parameters would 
have a significant effect on the strain. 
 
 
Figure 3.21 Difference between original strain and strain from 20% increased hardening 
parameters 
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Figure 3.22 Percentage difference between original strain and strain from 20% increased 
hardening parameters 
 
 
 
Power-law creep parameters ࢽࢀand ࡯࢙: 
Following the same procedure as in the previous analysis, we can see that increasing ߛ் 
and ܥ௦, individually, increases the strain and decreasing these two parameters, separately, reduces 
the strain. As these two parameters show the same trend on the strain responses, the ‘most 
significant case’ is when we increase ߛ் and ܥ௦ together or decrease them together. The transient 
map when ߛ் and ܥ௦ are increased together by 20% is shown in Figure 3.23a. When comparing 
Figure 3.23a with Figure 3.1, we can see that no obvious change in the transient map is observed, 
even in the power-law creep region. The transient map when ߛ் and ܥ௦ are decreased together by 
20% is also constructed as shown in Figure 3.23b. Decreasing ߛ் and ܥ௦ together by 20% also does 
not cause any obvious changes when comparing to the response in the original map. 
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a) ߛ் and ܥ௦ are increased by 20% b) ߛ் and ܥ௦ are decreased by 20% 
Figure 3.23 Transient maps when ߛ் and ܥ௦ are changed together by 20%    
 
In order to understand the effect of power law creep clearly, homologous temperature is 
fixed to be 0.6, and the strain- normalized stress curve is plotted in Figure 3.24 below.  
 
 
Figure 3.24 Strain-normalized stress curve when change ߛ் and ܥ௦ by 20%   
 
From Figure 3.24, the same conclusion can be made: a 20% change on ߛ் and ܥ௦ will not 
cause an obvious change on the strain. Hence, in order to study the effect of ߛ் and ܥ௦ on strains, 
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we change them 10 times the original value and construct the transient maps, shown in Figure 3.25 
below.  
 
a) ߛ் and ܥ௦ are decreased by 10 times b) ߛ் and ܥ௦ are increased by 10 times 
Figure 3.25 Transient maps when ߛ் and ܥ௦ are changed together by 10 times 
 
Comparing Figure 3.25b with Figure 3.25a, we can see that taking γ୘ and Cୱ by 0.1 times 
the original value, the change is still not obvious when compared with the original map. However, 
when γ୘ and Cୱ are increased by 10 times, the difference is obvious, especially at homologous 
temperature equals to about 0.4. The strain- normalized stress curve when homologous temperature 
is 0.4 is given in Figure 3.26. From Figure 3.26, we can see that decreasing γ୘ and Cୱ does not have 
a big influence on the transient strain, which is the same with our pervious conclusion. Increasing 
γ୘  and  Cୱ , when the normalized stress is around 5E-4 and 5E-3, the strain will increase 
dramatically. This conclusion is also the same with the observation from the transient map in Figure 
3.25b. 
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Figure 3.26 Strain-normalized stress curve when change ߛ் and ܥ௦ by 10 times 
 
In Figure 3.25b, there is a jump on the boundary between the power-law creep and 
diffusional flow (the green curve). The reason for the jump is attributed to the change in the power-
law creep parameters that influences the shape of the strain contours. Since the green curve is the 
boundary between these two mechanisms, a change in the strain contours will result in a change of 
the boundary shape. To better illustrate the changes in the responses, Figure 3.27 shows the 
comparisons of the contours with different variations in the power law creep parameters. 
 
 
Figure 3.27 Comparisons of strain contours due to variations in power-law creep parameters 
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In order to see the influences of the transient parameters on the strain, the difference 
between the strains calculated with the original data and the ones with varying parameters 0.1 
times of the original values are shown in Figure 3.28. It is seen that the strain difference increases 
almost linearly to about 0.01 as the stress increases up to 0.0015 of the shear modulus. A percent 
difference is also calculated, as shown in Figure 3.29. It is seen that the maximum percent 
difference is less than 3.5%, which is relatively small. When a change in the transient parameters 
is 0.1 of the original values, the maximum percent difference occurs when the stress is around 
0.001 of the shear modulus. Hence, if the transient parameters are decreased by 10 times, their 
influence on strain is still relatively small.  
 
 
Figure 3.28 Difference between original strain and strain from 0.1 times transient parameters    
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Figure 3.29 Percentage difference between original strain and strain from 0.1 times transient 
parameters 
 
 
 
Similarly, the strain difference when the parameters are increased 10 times of the original 
values is shown in Figure 3.30. The strain difference increases linearly from about to about 0.1 as 
the stress increases up to about 0.0008 of the shear modulus. When the normalized stress reaches 
about 0.0006, the strain equals 100%, which is beyond the design limit. Hence, we only consider 
normalized stress smaller than 0.0006. To better analyze the influence of varying the transient 
parameters on strains, a percent difference is shown in Figure 3.31.  The percent difference is 
almost zero when the normalized stress is smaller than 0.0003. The maximum percent different 
from this analysis is 50%. For Nickel, we only consider the normalized stress smaller than 0.0006, 
and thus only when the normalized stress is between 0.0003 and 0.0006, increasing the transient 
parameters by 10 times of the original values will result in significant changes in the transient 
creep strain.  
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Figure 3.30 Difference between original strain and strain from 10 times transient parameters 
      
 
Figure 3.31 Percentage difference between original strain and strain from 10 times transient 
parameters 
 
 
 
III.4. Summarize for effects of parameters on the transient map 
This section summarizes the effect of material parameters on the transient maps. Both 
steady-state parameters and transient parameters are considered in this chapter. The following 
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(1) Steady-state parameters can also have significant influence on the transient map. From the 
10-6 10-5 10-4 10-3 10-2 10-1 100
10-15
10-10
10-5
100
Normalized Uniaxial Stress σ/μ
Di
ffe
ren
ce
 of
 S
tra
in ε
Between original and 10 times transient parameters
10-6 10-5 10-4 10-3 10-2 10-1 100
0
10
20
30
40
50
60
Normalized Uniaxial Stress σ/μ
Pe
rce
nta
ge
 di
ffe
ren
ce
 of
 S
tra
in ε
, %
Between original and 10 times transient parameters
 
 
52 
 
analysis in section 3.1, three steady-state parameters will have more influence on the 
transient map than other parameters: grain size and activation energy for lattice diffusion 
and boundary diffusion. Hence, the value for these parameters should be fit carefully to 
give a reasonable outcome for transient map. 
(2) For all transient parameters, a 10% change on a single parameter would not have a big 
influence on the transient map. 
(3) The transient map is more sensitive to the work-hardening parameters ߪ଴௦ , ܭ௦  and ݉, 
hence if their values are not properly determined, significant error might occur in 
constructing the map. Fortunately, these parameters normally can be found in literature, 
thus large deviations can be avoided on determining the values of these parameters. 
(4) The transient power-law creep parameters ߛ் and ܥ௦ normally do not have big influence 
on the map. This means that we can have robust values when fitting these two parameters 
without causing significant error in the transient map. 
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CHAPTER IV  
TRANSIENT AND STEADY STATE MAPS FOR NARLOY-Z 
 
This chapter presents transient and steady state maps for NARloy-Z, which is a high-temperature 
alloy comprised of 96%Cu, 3%Ag, and 0.5%Zr that has moderate strength and high thermal 
conductivity. Such materials are useful for structures exposed to extreme temperatures since high 
thermal conductivity allows for fast dissipating heat in order to maintain structural integrity. The 
models presented in Chapter II are used to determine the deformation mechanisms of NARloy-Z 
at various loading conditions by creating steady state and transient maps for NARloy-Z. Material 
parameters available in the literature for NARloy-Z or Copper are used in constructing the maps. 
It is noted that some of the parameters are not available for NARloy-Z nor for Copper, and 
assumptions are made in determining these parameters, which is discussed in this Chapter. Using 
the material parameters from the literature and also the ones determined in this study, creep 
responses of NARloy-Z are predicted by the models. Good correlations between the predictions 
and experimental data indicate that a proper model and material parameters have been obtained. 
Finally, based on the steady state and transient maps constructed for NARloy-Z, design stresses at 
various temperatures at creep times 15 and 30 seconds are also constructed. The method discussed 
in this chapter for evaluating the transient response of the metal will be used with slight variations 
for all the metals considered in this research. 
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IV.1. Technical procedures 
IV.1.1. Equations  
In this chapter, both steady-state and transient maps for NARloy-Z are constructed and 
several material parameters are calibrated based on limited experiment data available in the 
literature. Equations used in the construction of the map are given in Chapter II. 
The total strain in the materials is the superposition of strains from different deformation 
mechanisms (elastic, low temperature plasticity, power law creep and diffusional flow): 
 ߛ = ߛଵ + ߛଶ + ߛଷ + ߛସ (4.1)
The components of strain on the right hand side are given in Eqs.(2.13), (2.15), (2.16), and (2.17), 
respectively. Note that in this chapter, the shear stresses and shear strains are determined from 
uniaxial stresses and strains. The relationship between the shear strain ߛ and uniaxial strain ߝ, and 
the relationship between the shear stress  ߪ௦ and uniaxial stress ߪ are: 
 ߛ = √3ߝ 
(4.2)
 ߪ௦ = ߪ/√3 
From the above equations, the uniaxial strain ߝ can be written as a function of uniaxial stress, 
temperature and time: 
 ߝ = ݂(ߪ, ܶ, ݐ) (4.3)
The uniaxial stress can be expressed in terms of strain, temperature, and time as: 
 ߪ = ݃(ߝ, ܶ, ݐ) (4.4)
It should be noted that depending on the functions considered in Eqs. (4.3) and (4.4), they do not 
necessarily become the inverse of one another, where an exact mathematical expression can be 
determined from the inverse function, in determining one from the other. Some functions are 
indeed not invertible. If for example the function in Eq. (4.3) cannot be inverted, determining the 
stress from the given strain can be done numerically, e.g., using iterative methods, which gives an 
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approximate value for the stress. A design space has been considered to fit the interest of the 
projectile design being developed by Eglin Air Force Base, Florida. This space consists of a safety 
factor, a strain limit, and the amount of time and temperature where the last two will be varied to 
effectively see the usefulness of the given material considered in the overall design of a supersonic 
weapon.      
Safety factor 
In order to determine the design stress ߪ஽ , a safety factor needs to be included to the 
uniaxial stress ߪ. In this study, the safety factor is set to be 1.25: 
 ߪ஽ =
ߪ
1.25 =
݃(ߝ, ܶ, ݐ)
1.25  (4.5)
Strain limit      
As shown in equation (4.5), the design stress ߪ஽ is a function of strain ߝ, temperature T 
and time t. In this study, ߝ is limited to 0.2%. If the strain input of 0.2% is used as a fixed variable 
in the study, then the design stress is now mainly a function of temperature and loading time. Thus, 
the design stresses can then be determined based on desired operating temperatures and duration 
of loading. 
 
IV.1.2. Assumptions 
From Equation (1.1) to Equation (1.21), the theoretical steady-state strain rate and 
transient strain are easily determined provided that all material parameters are available. However, 
in case of NARloy Z, not all material parameters in these equations can be found from the literature. 
Hence, the following assumptions are made to determine material parameters if they are not 
available in the literature in order to better fit the experimental data: 
(1) Referring to Table 7.1 and Table 8.1 in Frost and Ashby [15], the difference of activation 
energies between pure Nickel and Nickel alloys and between Iron and ferrous alloys are 
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all less than 15%. Hence the following assumption is made according to this fact: the 
activation energy for pure Copper (listed in Frost and Ashby [15]) is used for NARloy-Z 
as a starting point since NARloy-Z has a composition primarily of Copper; and these 
material parameters are then adjusted within less than 15% variation of Copper in order 
to fit the experimental data. 
(2) According to previous parametric studies in Chapter III, small differences of work-
hardening parameters (within 10%) in Equation (2.15) will not cause significant 
differences in the overall map. Hence, if the parameters related to work hardening for 
NARloy-Z cannot be found in the literatures, the corresponding parameters for pure 
Copper are used in constructing the map. 
(3) Grain size of NARloy-Z is assumed to be 100 ߤ݉ since the material parameters related to 
this grain size give the best fit to experimental data that are considered in this study.  
 
IV.1.3. Material parameters 
Material parameters for Narloy-Z used in constructing the steady-state and transient maps 
are listed in Table 4.1, shown below: 
 
Table 4.1 Material parameters for NARloy-Z 
Steady-state map 
Atomic volume ߗ (݉ଷ) 1.18E-29 a 
Burgers vector ܾ (݉) 2.56E-10 a 
Melting temperature ெܶ (ܭ) 1350 b 
Shear modulus at 0K ߤ଴ (ܯܲܽ) 54000 b 
Slop of shear modulus-temperature 
curve ߤଵ (ܯܲܽ/ܭ) -17 b 
Pre-exponential for lattice diffusion ܦ଴௩ 
(݉ଶ/ݏ) 2.0E-06 c 
Activation energy for lattice diffusion ܳ௩ 
(݇ܬ/݉݋݈݁) 193 d 
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Table 4.1 Continued 
Steady-state map 
Pre-exponential for boundary 
diffusion ߜܦ଴௕ (݉ଶ/ݏ) 5.0E-14 c 
Activation energy for boundary diffusion 
ܳ௕ (݇ܬ/݉݋݈݁) 104 d 
Pre-exponential for core diffusion ܽ௖ܦ଴௖ 
(݉ଶ/ݏ) 1.0E-24 c 
Activation energy for core diffusion ܳ௖ 
(݇ܬ/݉݋݈݁) 122 d 
Exponent for power-law creep ݊ 3.8 b 
Dorn Constant ܣ 11 c 
0K flow stress ߬̂/ߤ(300ܭ) 6.3E-03 a 
Pre-exponential for obstacle-controlled 
glide ߛሶ଴ (ݏିଵ) 10^6 a 
Activation energy for obstacle-controlled 
glide Δܨ/ܾଷߤ(300ܭ) 0.5 a 
Transient map 
Yield stress (MPa) 
170-0.1*T when T<400 
130-0.075*(T-400) when 
400≤T<600 
115-0.175*(T-600) when 
600≤T<800 
80-0.225*(T-800) when 
800≤T<1000 
35-0.167*(T-1000) when 
1000≤T<1150 
10 when T≥1150 
e 
Hardening exponent m 0.56 f 
Hardening constant K (MPa) 530 f 
Transient strain ߛ௧ 0.0147 g 
Transient constant ܥ௦ 159.93 g 
*a. Data come from Frost and Ashby [15] (Take copper’s value)                                                                                           
b. Data from Free et al. [33].                                                                                                                        
c. Data from fitting experimental data. The fitting procedures are explained in Section 2 of Chapter III.                             
d. Data come from Frost and Ashby [15](Take copper’s value with an adjustment no greater than 15%)                            
e. Data from Ellis [46].            
f. From Copper’s Data: Callister and Rethwisch [47].                                                                                                             
g. From Copper’s data from Amin et al. [13]. 
 
 
 
Note that in Table 4.1, both shear modulus and yield stress for NARloy-Z are temperature 
dependent. In order to examine how these parameters vary with temperature, shear modulus-
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temperature and yield stress-temperature curves are plotted in Figure 4.1 and Figure 4.2, 
respectively.  
 
 
Figure 4.1 Temperature-dependent shear modulus μ (Freed et al. [33]) 
 
 
Figure 4.2 Temperature-dependent yield stress, picture is taken from Ellis [46] 
 
In Figure 4.1 above, The temperature-dependent shear modulus is taken from Freed et al. 
[33], given by μ = ߤ଴ + ߤଵܶ, where ߤ଴ is 53000 MPa and ߤଵ is -17 MPa/K. Ellis [46] reported 
temperature-dependent yield stress for various alloys. The original yield stress-temperature curves 
from Ellis [46] for several materials are shown in Figure 4.2.  In this study, we use the data for 
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NARloy-Z, representing by the blue line (other lines and regions are for different materials that 
are not used in this study). In order to determine a function for NARloy-Z, the yield stresses at 
some temperature are first digitized from Figure 4.2, then the yield stresses at other temperatures 
between the two digitized data are estimated by using a linear interpolation. The digitized yield 
stresses at several temperatures are shown in Table 4.2 Yield stress for NARloy-Z. From the linear 
interpolation, the temperature-dependent function of the yield stress is shown in Figure 4.3 and 
the mathematical expression is given in Table 4.1, marked with ‘e’. 
 
Table 4.2 Yield stress for NARloy-Z 
Temperature(K) 100 200 400 600 800 1000 1150 
Yield strength(MPa) 160 150 130 115 80 35 10 
 
 
 
  
Figure 4.3 Yield stress of NARloy-Z at different temperatures from interpolation 
 
IV.2. Creep testing data for NARloy-Z and parameter fitting 
IV.2.1. Summarization of creep data for NARloy-Z  
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steady state and transient creep responses. The following Table 4.3 shows some experimental data 
related to steady state and transient creep at fixed strains available for NARloy-Z from Ellis [48]. 
The material parameters that cannot be found immediately from literature, as listed in Table 4.1, 
are determined by correlating the responses obtained from the model and the experimental data 
given in Table 4.3. In the case of NARloy-Z, the parameters listed in Table 4.1, marked with ‘c’ 
are calibrated by fitting experimental data provided in Table 4.3. The procedure for parameter 
calibration is given next. 
 
Table 4.3 Creep data for NARloy-Z 
Temperature 
(K) 
Normalized 
Temperature 
ܶ
ெܶൗ  
Stress 
(MPa) 
Normalized 
Stress 
݈݋݃ ൬ߪߤ൰ 
Actual 
Stress 
(MPa) 
Actual 
Normalized 
Stress 
݈݋݃ ൬ߪߤ൰ 
Steady-
State 
Strain 
Rate 
(1/s) 
Time to 
1% 
Strain 
(s) 
773 0.573 
62.1 -2.818 
61.1 -2.825 2.13E-8 283068 
62.0 -2.819 7.53E-8 117648 
62.0 -2.819 6.75E-8 119412 
62.2 -2.817 3.03E-7 27612 
72.9 -2.749 
72.9 -2.749 3.94E-7 23256 
72.8 -2.749 5.36E-7 14148 
73.0 -2.748 4.50E-7 18864 
72.8 -2.749 1.96E-7 44748 
84.0 -2.687 
84.0 -2.687 1.52E-6 5544 
84.0 -2.687 2.41E-6 3078 
84.1 -2.686 2.59E-6 2232 
83.9 -2.688 2.06E-6 4644 
923 0.684 
17.8 -3.333 
17.9 -3.330 1.03E-8 346284 
17.7 -3.335 4.39E-8 104868 
18.0 -3.328 6.00E-8 8604 
17.8 -3.333 4.25E-8 138600 
27.6 -3.142 
27.7 -3.141 1.69E-7 30924 
27.6 -3.142 2.34E-7 28656 
27.7 -3.141 4.28E-7 6732 
27.7 -3.141 2.16E-7 34416 
37.4 -3.010 
37.3 -3.012 1.23E-5 1224 
37.4 -3.010 2.83E-6 2016 
37.6 -3.008 1.07E-6 8568 
37.4 -3.010 7.19E-6 1512 
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Table 4.3 Continued 
Temperature 
(K) 
Normalized 
Temperature 
ܶ
ெܶൗ  
Stress 
(MPa) 
Normalized 
Stress 
݈݋݃ ൬ߪߤ൰ 
Actual 
Stress 
(MPa) 
Actual 
Normalized 
Stress 
݈݋݃ ൬ߪߤ൰ 
Steady-
State 
Strain 
Rate 
(1/s) 
Time to 
1% 
Strain 
(s) 
1073 0.795 
6.2 -3.761 
6.2 -3.761 7.25E-8 65664 
6.2 -3.761 1.94E-7 12060 
5.7 -3.798 4.67E-7 14760 
6.2 -3.761 1.23E-7 23544 
10.4 -3.536 
10.3 -3.541 9.08E-6 1116 
10.3 -3.541 6.56E-6 1584 
10.3 -3.541 6.64E-6 1368 
10.4 -3.536 4.97E-6 2520 
14.6 -3.389 
14.7 -3.386 3.69E-5 252 
14.6 -3.389 8.28E-6 972 
14.6 -3.389 3.25E-5 288 
14.6 -3.389 5.39E-6 1584 
*Data from: Ellis [48]. 
 
Data from Table 4.3 are summarized in Figure 4.4 shown below, for each temperature, 
strain rates are plotted against normalized stresses. The 95% confidence intervals in Figure 4.4 are 
calculated by command ‘ttest’. For example, to calculate the 95% confidence interval for 
experimental data at 773K, 62.1MPa, the following commands are used (line 132 in code 
‘Narloy_z_steady_state_parameter_fitting’): 
[H_1,P_1,C_1] = ttest(v_1,mean(v_1)); 
In the above MATLAB statement, v_1 includes all the steady state strain rates at 773K, 
62.1MPa as listed in Table 4.3, C_1 returns the lower and upper bound of 95% confidence interval. 
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Figure 4.4 Log strain rate versus normalized stress, with 95% confidence interval 
 
IV.2.2. Parametric study and parameter fitting     
The procedures of parameter fitting are summarized below: 
(1) Assume initial values for the parameters needed to be fitted. In this chapter, since NARloy-
Z is a Copper alloy, the corresponding parameters for Copper are used as the initial values 
for parameters listed in Table 4.1 with mark ‘c’ (Pre-defined for lattice diffusion ܦ଴௩, 
boundary diffusion ߜܦ଴௕, core diffusion ܽ௖ܦ଴௖ and Dorn Constant ܣ). The initial values 
are listed in Table 4.4 below. 
 
Table 4.4 Initial values for parameters to be fitted 
Parameter Initial Value 
Pre-exponential for lattice diffusion ܦ଴௩ 
(݉ଶ/ݏ) 2.0E-05 
Pre-exponential for boundary 
diffusion ߜܦ଴௕ (݉ଶ/ݏ) 5.0E-15 
Pre-exponential for core diffusion ܽ௖ܦ଴௖ 
(݉ଶ/ݏ) 1.0E-24 
Dorn Constant ܣ 7.4E05 
 
 
 
(2) Construct a steady-state map by using Eq. (2.1) - Eq. (2.12) from Chapter II, in which the 
axes are the strain rate and normalized stress, and the contours are temperatures. Referring 
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to Frost and Ashby [15], this kind of maps is useful in fitting isothermal data to rate 
equations, Eq. (2.1) - Eq. (2.12). Same with Chapter II, the temperature contours are 
plotted by MATLAB using command ‘contour’, referring to line 66, 67 from code 
‘Narloy_z_steady_state_parameter_fitting’ in appendix: 
v = [773 923 1073]; 
cs = contour(y,log10(gamma_net),x,v); 
In the above MATLAB statement, y represents normalized stress, gamma_net represents 
steady-state strain rate, x represents temperature. The above commands will plot three 
temperature contours: T=773K, 923K and 1073K on a steady-state map, with normalized 
stress and log of strain rate as axes. 
(3) Plot the experimental data of the actual stress in Table 4.3 as the abscissa divided by a 
shear modulus at tested temperature ߤ (called normalized stress) and y ordinate is the 
steady state strain rate in Table 4.3 on the map (see Figure 4.4). 
(4) Adjust the four parameters related to the lattice diffusion ܦ଴௩, boundary diffusion ߜܦ଴௕, 
core diffusion ܽ௖ܦ଴௖ and Dorn Constant ܣ base on the parametric studies, to fit the data 
points plotted in step (3) for each temperature. Note that there is no iteration in finding the 
four parameters. Hence the parametric study below is used to give the ‘directions’ (which 
parameters should be increased, which parameters should be decreased to get a better fit 
for experimental data) of how to vary these parameters, and by following these ‘directions’ 
given by the parametric study, these four parameters are varied again and again to reach 
the final result. This method contains lots of trials, so only the initial map, the final result, 
and the parametric study are shown in this chapter, since the parametric study is the reason 
why these parameters should be varied this way. These four parameters are varied 
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manually until the steady state responses for all temperatures considered match reasonably 
well the experimental data. The results of the parameter fitting are listed in Table 4.5.  
 
Table 4.5 Calibrated values 
Parameter Calibrated Value 
Pre-exponential for lattice diffusion ܦ଴௩ 
(݉ଶ/ݏ) 
2.0E-06 
Pre-exponential for boundary diffusion ߜܦ଴௕ 
(݉ଶ/ݏ) 
5.0E-14 
Pre-exponential for core diffusion ܽ௖ܦ଴௖ 
(݉ଶ/ݏ) 
1.0E-24 
Dorn Constant ܣ 1.1E02 
 
 
 
For the parametric study mentioned in step 4, similar with Chapter III, overlaid figures for 
each parameter are constructed as below. From these figures, if use copper’s value (initial value) 
as shown in Table 4.4, the resulting temperature contours (also plotted by MATLAB command 
‘contour’) on the map (blue contours in Figure 4.5) will be far off the experimental data. Hence, 
these parameters have to be varied to make the temperature contours match experimental data.  
In Figure 4.5, the solid points with error bars in the central are the experimental results, 
same with Figure 4.4. The goal of parameter fitting is to find the parameters which can make the 
temperature contours overlapped with these experimental results. Parametric study below will 
provide basis for the fitting process. 
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Figure 4.5 Overlaid figures for parameters considered in parametric study. a): changing Dorn 
Constant A; b): changing lattice diffusion ܦ଴௩; c): changing core diffusion ܽ௖ܦ଴௖; d): changing 
boundary diffusion ߜܦ଴௕. 
 
 
 
From Figure 4.5a, if decrease Dorn constant A by 10 times (the rad curves), obviously the 
temperature contours will come closer with the experimental data. Hence, Dorn constant A should 
be increased to make the temperature contours match with experiment results. 
From Figure 4.5b, in order to make the temperature contours match with experimental 
data better, lattice diffusion ܦ଴௩ should be increased, since the green curves in Figure 4.5b are 
closer to the experiment results compare with the blue curves, which represent the temperature 
contours constructed from copper’s value. 
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From Figure 4.5c, core diffusion ܽ௖ܦ଴௖’s influence on temperature contours is very small, 
if compare with the influence of Dorn constant A and lattice diffusion ܦ଴௩. Only for large strain 
rates and large normalized stresses, change ܽ௖ܦ଴௖  will change the shape of the temperature 
contours a little bit.  
Similar with Figure 4.5c, from Figure 4.5d, boundary diffusion  ߜܦ଴௕ ’s influence on 
temperature contours is also very small. But unlike ܽ௖ܦ଴௖, change  ߜܦ଴௕ will change temperature 
contours’ shape a little when strain rate and normalized stress are both small.  
From Figure 4.5, decrease Dorn constant A and increase lattice diffusion ܦ଴௩ will both 
make temperature contours come closer with experimental data, while core diffusion ܽ௖ܦ଴௖ and 
boundary diffusion ߜܦ଴௕’s influence on the contours are both small. Hence, For NARloy-Z, firstly 
we decrease A and increase ܦ଴௩ to make temperature contours and experiment results come as 
close as possible, then we adjust ܽ௖ܦ଴௖ and  ߜܦ଴௕ to finalize the map. Also, note that according to 
Frost and Ashby [15], for f.c.c. metals, lattice diffusion ܦ଴௩ normally varies between 104 and 106, 
while Dorn constant A varies from 102 to 106. Hence we adjust Dorn constant A and lattice 
diffusion ܦ଴௩  to make the temperature contours and experimental data match with each other, 
meanwhile make sure Dorn constant A and lattice diffusion ܦ଴௩ falls into the above ranges. The 
values calibrated from this process are shown in Table 4.5. 
Map with the calibrated values in Table 4.5 is shown in Figure 4.6 below. 
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Figure 4.6 Steady state responses of NARloy-Z at different temperature contours 
 
In Figure 4.6. The symbols indicate the data given in Table 4.3, while the connecting lines 
indicate the temperature contour calculated by the steady-state map using parameters obtained in 
steps (1)-(4) discussed above. The blue vertical bar in the figure indicates the 95% confidence 
interval, given by MATLAB command ‘ttest’. From the figure, it is seen that all values given by 
the map are within the 95% confidence interval except the values at 1073K under 10.4 MPa and 
14.6 MPa stresses. It is noted that in adjusting the material parameters to fit data at 1073K the best 
calibration with realistic values for the calibrated parameters give the responses in Figure 4.6. In 
order to see how well the steady-state map fit the theoretical value, a comparison between the 
strain rate contours given by the map and theoretical value at a certain stress and temperature 
condition are plotted for each loading condition, shown in next section.  
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IV.3. Results and discussions   
IV.3.1. Comparison between contours given by steady-state map and theoretical value  
The steady-state maps at different strain rates, stresses, and temperatures are constructed 
in this section (Figure 4.7). In Figure 4.7, symbols denote the theoretical strain rates calculated by 
the steady-state map, and the contours indicate actual strain rate contours from the experiment in 
Table 4.3.  
 
 
Figure 4.7 Comparison between theoretical value and actual contours. Loading condition: 
a)773K, 62.1MPa; b)773K,72.0MPa; c)773K,84.0MPa; d)923K,17.8MPa; e)923K,27.6MPa; 
f)923K,37.4MPa; g)1073K,6.2MPa; h)1073K,10.4MPa; i)1073K,14.6MPa 
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In Figure 4.7, at each loading condition listed in Table 4.3, e.g., T=773K and stress 
62.1MPa, four steady-state strain rates from experiment are given in Table 4.3 and the steady state 
map is plotted for each steady state strain rate (denoted by curves). Also, data points in which x 
abscissa is the normalized temperature and y ordinate is the normalization of stress from Table 4.3 
are plotted on the map as the ‘theoretical strain rate value’ (shown by symbols). ‘Theoretical strain 
rate value’ in this section means the steady-state strain rate calculated by the map at a given loading 
condition (e.g., T=773K and stress=62.1MPa). If the map is well representing the steady-state 
strain rate, then this theoretical point should be on the contours of the strain rate given by 
experiment. These figures are obtained similarly to Figure 4.6, (both constructed by MATLAB 
command ‘contour’), but instead of shown temperature contours as in Figure 4.6, Figure 4.7 shown 
steady-state strain contours. For example, in Figure 4.7a, the four blue curves represent four 
steady-state strain rates given by the experiment data ( 2.13 × 10ି଼, 7.53 × 10ି଼, 6.75 ×
10ି଼, 3.03 × 10ି଻ from Table 4.3), after the map is constructed by following the flow chart in 
Figure 2.1, the positions of these curves are determined on the map. The blue symbol represents 
the steady-state strain rate given by the map, with stress and temperature of 62.1 MPa and 773 K 
as inputs. From Figure 4.7a, the blue symbol, which represents the theoretical value given by the 
steady-state map, is within the experimental results. Hence for creep at 62.1 MPa and 773 K, the 
map with calibrated material parameters can predict the strain rate accurately. Using Figure 4.7a 
as example, the MATLAB statements to plot Figure 4.7a is shown below (from line 75 and lines 
87-91 of code ‘Narloy_z_steady_state’ in appendix): 
v_1 = [7.65*10^-5 2.71*10^-4 2.43*10^-4 1.09*10^-3]/3600; 
figure 
contour(x,y,gamma_net,v_1,'b'); 
hold on 
scatter(b(1),a(1),'x','b') 
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hold on 
From the above commands, v_1 represents the steady-state strain rates at 773K, 62.1MPa 
from experiment (listed in Table 4.3), x represents normalized stress, y represents normalized 
temperature, gamma_net represents steady-state strain rates calculated from Eq.(2.1)-Eq.(2.12). 
Hence command ‘contour(x,y,gamma_net,v_1,'b')’ will plot four strain rate contours from 
experiments (blue curves in Figure 4.7a), that’s why the blue curves are called ‘actual contours’. 
b(1) and a(1) represents normalized stress at 62.1MPa and normalized temperature at 773K, 
respectively, hence, on the steady-state map, dot with b(1) as x coordinate and a(1) as y coordinate 
represents the steady-state strain rate calculated by the map at loading condition 773K, 62.1MPa. 
That’s why the dot is called ‘theoretical value’. Similar with the commands shown above, the 
results for other loading conditions are also plotted in Figure 4.7. 
From Figure 4.7, we can see that for the majority of stresses and temperatures, the 
theoretical values (represented by symbols) predicted by the models with calibrated material 
parameters are within the experimental steady-state contours (represented by lines) in the maps. 
However, at temperature 1073K and stresses 10.4 MPa and 14.6 MPa (Figure 4.7h and Figure 
4.7i), the difference between the theoretical values and steady-state contours are significant. The 
reasons for the large difference at 1073K, under stresses 10.4 MPa and 14.6 MPa are due to the 
following: the number of data points under each loading condition are limited; the standard 
deviation for these data is quite large (see Figure 4.6), which means that there are significant 
variations in the experimental results, which is shown in Figure 4.7i. If there are more experimental 
data, it is perhaps possible to get a better fit during the calibration of the material parameters (Pre-
exponential for lattice diffusion D଴୴, boundary diffusion ߜܦ଴௕ , core diffusion ܽ௖ܦ଴௖  and Dorn 
constant ܣ), therefore give a better simulation for the experiment results. It might be possible that 
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the models discussed in Chapter II can no longer capture the responses of NARloy-Z at 
significantly high temperatures and stresses. 
 
IV.3.2. Comparison between experimental data and theoretical value given by the transient 
map 
In order to examine whether the transient map constructed using the parameters given in 
Table 4.1 is a good fit to the experimental data, a comparison between the experimental data and 
theoretical value given by the transient map for NARloy-Z is conducted in this section. Based on 
the information of ‘Time to 1% Strain’ values for different temperatures and stresses shown in 
Table 4.3, the accuracy of the transient map is examined. By substituting the time to 1% strain 
from experiment results into Eq.(2.13)-Eq.(2.17), the strains at these times are determined using 
the previously developed MATLAB code (code ‘Narloy_z_transient_errorbar’ from appendix). 
As shown in the flow chart (bottom one) in Figure 2.1. For the transient map, the strain rates from 
two mechanisms: power-law creep by climb-plus-glide and diffusional flow, which are determined 
from the steady-state map, are used as inputs. This is why the steady-state maps are important for 
constructing the transient maps. Then by comparing the calculated strains with 1%, the accuracy 
of the transient map can be determined. Figure 4.8 shows the comparisons of strains form the 
experiments with the theoretical strain value for nine different loading conditions. The x abscissa 
in Figure 4.8 indicates these different loading conditions. From Table 4.6 listed below, ‘time to 1% 
strain’ are from experimental data, transient strains listed in fourth column are calculated by 
MATLAB program ‘Narloy_z_transient_errorbar’ listed in appendix, using ‘time to 1% strain’ as 
time input, and in fifth column are the average of these transient strains under each loading 
condition. 
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Table 4.6 Transient strains at ‘time to 1% strain’ from experiment data 
Temperature 
(K) Stress (MPa) 
Time to 1% 
Strain (s) 
Strain calculated by 
transient map, using ‘Time 
to 1% Strain’ as input 
Average transient 
strain 
773 
62.1 
283068 6.4226 
3.5278 117648 3.2013 119412 3.2354 
27612 1.2517 
72.9 
23256 1.9153 
1.9779 14148 1.3902 18864 1.6870 
44748 2.9189 
84.0 
5544 1.2524 
0.9929 3078 0.9515 2232 0.6605 
4644 1.1072 
923 
17.8 
346284 4.1680 
2.0085 104868 1.6230 8604 0.2056 
138600 2.0376 
27.6 
30924 1.8671 
1.5600 28656 1.7587 6732 0.6082 
34416 2.0059 
37.4 
1224 0.3916 
0.7926 2016 0.5944 8568 1.7137 
1512 0.4705 
1073 
6.2 
65664 1.1867 
0.5310 12060 0.2409 14760 0.2432 
23544 0.4531 
10.4 
1116 0.1070 
0.1503 1584 0.1443 1368 0.1272 
2520 0.2226 
14.6 
252 0.0867 
0.2161 972 0.2703 288 0.0949 
1584 0.4124 
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Figure 4.8 Error bar for the transient strain at ‘time to 1% strain’ shown in Table 4.3 
 
From Figure 4.8, the hollow circle symbols indicate the theoretical strain value, which is 
1%, and the solid points indicate the average value for the strains calculated from the transient 
map, which are also listed in fifth column in Table 4.6. The error bars indicate 95% confidence 
interval, which are calculated by MATLAB using command ‘ttest’. From Figure 4.8, we can 
conclude that except for the data at 1073K under 10.4 MPa and 14.6 MPa, all theoretical strain 
value at 1% are within the 95% confidence interval given by the strains calculated from the 
transient map. This means that the transient map give a reasonably good prediction of the 
experimental data. However, for data at 1073K, 10.4 MPa and 14.6 MPa, the strains given by the 
transient map show discrepancies with the experimental data. Recall in section 3.1, the steady-
state strain rate predicted by the map at these two data points fit poorly on the experiment data, 
and hence, it is expected that discrepancies are also seen in the transient creep responses. 
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IV.3.3. Transient maps and design stress at time 15s, 30s 
This section discusses determination of the design stress from the transient map with a 
0.2% permanent plastic strain. This section for the first time discusses the design space we are 
interested in. Procedures of finding the design stress are shown as follows: 
(1) Calculate strains under different temperature, time and stress. This step is the same with 
constructing the transient map, and equations involved are shown in Chapter II (Eq.(2.13)-
Eq.(2.17)). 
(2) At certain time t (in this case the times considered are 15s and 30s), limit the permanent 
plastic strain to 0.2% and record the corresponding stresses and temperatures. Note that 
there might not be any stress and temperature that fit the strain precisely 0.2%, hence a 
small error is included to the strain. For a safety reason, no ‘positive’ error is allowed. In 
this study, the error is set to be 0.001%. Hence, every strain within the range (0.199%-
0.2%) is assumed to be 0.2%, and their corresponding stress and temperature are recorded.  
(3) Divide the stresses recorded in last step by a safe factor 1.25 to obtain the design stress ߪ஽. 
The corresponding MATLAB statements from code ‘Narloy_z_transient_design’ are 
listed below: 
test = (eps1 > 0.00199 & eps1<= 0.002); 
X_7 = x(test==1); 
Y_72 = y_1(test==1)/1.25; 
From the above commands, eps1 represents the permanent plastic strain, x represents the 
normalized temperature, and y_1 represents the normal stress. In the third line, the stress 
is divided by 1.25 to calculate the design stress. Hence, X_7 includes the temperatures at 
which the plastic strain is 0.2%, and Y_72 includes the design stresses. The strain contour 
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where the plastic strain is 0.2% with safe factor of 1.25 can be plotted on the transient map 
by the following command: 
plot(X_7,log10(Y_72./mu1),'m','LineWidth',2) 
From the above command, mu1 is the shear modulus at temperature X_7, hence 
‘log10(Y_72./mu1)’ is the normalized stresses at Y_72. Hence plot log10(Y_72./mu1) 
against X_7 will show the 0.2% plastic strain with safe factor 1.25 on the transient map. 
Figure 4.9 illustrates the transient maps of NARloy-Z at two times, i.e., 15 and 30 seconds. 
The procedures in constructing the transient maps at different creep times are discussed in 
Chapter II, the code to construct the transient map and determine the design stress is 
‘Narloy_z_transient_design’, as in appendix. In Figure 4.9, the pink line is the strain 
contour where the plastic strain is 0.2% (with design stress). Using this strain limit, the 
design stresses at different temperature are found. 
 
 
Figure 4.9 Transient map for NARloy-Z with a 0.2% permanent plastic strain boundary 
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At time t equals to 15s and 30s, the limit of the permanent plastic deformation is set to 
0.2%, and the corresponding stresses and temperatures are recorded. Figure 4.9 also shows that 
below the pink lines, are the stresses that can be considered in design, which give strains less than 
0.2%, at different temperatures before incorporating the safety factor. The design stress is obtained 
by dividing the stress by the safe factor (1.25). The results are shown in Figure 4.10. As seen in 
Figure 4.10, the relationship between the design stress and temperature are almost linear, only at 
high temperatures (above 1500℉), the slope become smaller. At the temperature (1640℉), which 
is our temperature of interest, the design stress is about 20MPa, which is only about 15% of the 
design stress at room temperature. From Figure 4.10 the design stress at 15s and 30s are almost 
the same when temperature is relatively low. When the temperature is greater than 1000℉, the 
design stress at 30s is slightly smaller than design stress at 15s. At temperature 1640℉, both design 
stresses are around 20MPa. 
 
 
Figure 4.10 Design stresses of NARloy-Z at 15s and 30s 
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CHAPTER V  
TRANSIENT AND STEADY STATE MAPS FOR TI-6AL-4V 
V.1. Technical procedures 
In this chapter, steady-state and transient maps for Ti-6-4 are both constructed by following the 
method given by Frost and Ashby [15]. Parameters needed are firstly fitted by constructing a 
steady-state map with temperature contours as shown in Chapter IV, and then a transient maps are 
constructed by using the fitted material parameters. Design stress and design space are also 
calculated from the transient maps. The calculation process and equations used are the same with 
the calculation process for NARloy-Z as shown in section 1.1, chapter IV, hence are not discussed 
in detail again in this chapter. Similarly with NARloy-Z, several assumptions have to be made in 
order to construct the maps. These assumptions are shown in the section below. 
V.1.1. Assumptions 
(1) In order to determine steady-state parameters for Ti-6-4, initial values for these material 
parameters are first assumed, by following the material parameters for both ߙ phase Ti-6-
4 and ߚ phase Ti-6-4 reported by Warren, J. et al., [49]. Since there is no information 
regarding whether the experimental data used in this chapter is α phase or β phase, it is 
assumed that the material properties of the experimental specimen lies somewhere 
between α phase and β phase. The initial values for steady-state parameters are assumed 
to be the same with α phase Ti-6-4. 
(2) Grain size of Ti-6-4 is assumed to be 5 ߤ݉. The reason for this assumption is Wert, J. A., 
et al. [50] used a grain size of 5 ߤ݉ to model the deformation of Ti-6-4, and from the 
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parameter fitting results, the material parameters related to this grain size give the best fit 
to experimental data that are considered in this study.  
 
V.1.2. Material Parameters 
Material parameters for Ti-6Al-4V used in constructing the steady-state and transient 
maps are listed in Table 5.1, as shown below: 
 
Table 5.1 Material parameters for Ti-6Al-4V 
Steady-state map 
Atomic volume ߗ (݉ଷ) 1.7E-29 a 
Burgers vector ܾ (݉) 3.0E-10 a 
Melting temperature ெܶ (ܭ) 1933 a 
Shear modulus at 300K ߤ଴ (ܩܲܽ) 34 b 
Temperature dependence of modulus -1.02 b 
Pre-exponential for lattice diffusion ܦ଴௩ (݉ଶ/ݏ) 5.0E-08 b 
Activation energy for lattice diffusion ܳ௩ (݇ܬ/݉݋݈݁) 169 a 
Pre-exponential for boundary diffusion ߜܦ଴௕ (݉ଶ/ݏ) 6.0E-18 b 
Activation energy for boundary diffusion ܳ௕ 
(݇ܬ/݉݋݈݁) 101 a 
Pre-exponential for core diffusion ܽ௖ܦ଴௖ (݉ଶ/ݏ) 1.0E-31 b 
Activation energy for core diffusion ܳ௖ (݇ܬ/݉݋݈݁) 101 c 
Exponent for power-law creep ݊ 4.85 a 
Dorn Constant ܣ 7 b 
0K flow stress ߬̂/ߤ(300ܭ) 1.5E-02 d 
Pre-exponential for obstacle-controlled glide ߛሶ଴ 
(ݏିଵ) 10^6 d 
Activation energy for obstacle-controlled glide 
Δܨ/ܾଷߤ(300ܭ) 0.5 e 
Transient map 
Yield stress (MPa) 
1420.1-1.3161*T when T<366 
1256.1-0.8688*T when 366≤T<478 
1196.8-0.7447*T when 478≤T<589 
1269.9-0.8688*T when 589≤T<700 
1530.5-1.2411*T when 700≤T<811 
1878.7-1.6705*T when 811≤T<1089 
495.86-0.4004*T when 1089≤T<1123 
331.51-0.254*T when 1123≤T<1218 
167.59-0.1195*T when 1218≤T<1366 
20.879-0.0121*T when 1366≤T<1589 
1.6548 when T≥1589 
f 
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Table 5.1 Continued 
Transient map 
Hardening exponent m 0.5 g 
Hardening constant K (MPa) 600 g 
Transient strain ߛ௧ 0.0693 h 
Transient constant ܥ௦ 25.606 h 
*a: from J. W. Davis et al. [51].                                                                                                                                         
b: fitted from experimental data at steady-state                                                                                                               
c: ܳ௖’s value taken from ܳ௖ = ܳ௕ according to Frost and Ashby [15].                                                                               
d: From Frost and Ashby [15], taken ߙ-Ti’s value                                                                                                               
e: According to Frost and Ashby [15], 0.5 is the typical value for medium obstacle strength. Note that value for Ti 
from Frost and Ashby [15] is for weak obstacle strength, which will lead to poor fit for the experimental data.                                                   
f: From Kassner, M. E. et al. [52].                                                                                                                                      
g: From Ghosh, A. K. et al. [53].                                                                                                                                
h:From Warren, J. et al. [49]. 
 
 
 
The fitting process for parameters listed in Table 5.1 are discussed in detail in the 
following section. By substituting these parameters into the equations given in Chapter II, both 
steady-state map and transient map can be constructed.  
 
V.2. Steady-state parameter fitting for Ti-6Al-4V 
V.2.1. Summarization of creep data for Ti-6Al-4V 
As discussed above, in order to construct transient maps, the parameters related to the 
corresponding steady-state response have to be fitted by using a steady-state map with temperature 
contours. Experimental data used in this fitting process are obtained from J. W. Davis et al. [51]. 
Loading conditions, along with strain rates at steady-state are summarized in Table 5.2 shown 
below.                       
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Table 5.2 Creep data for Ti-6Al-4V 
Temperature 
(K) 
Stress 
(MPa) 
Elastic 
strain 
(%) 
Total 
strain at 
30min 
(%) 
Total 
strain at 
1 hour 
(%) 
Total 
strain at 
3 hours 
(%) 
Total 
strain at 
10 
hours 
(%) 
Total 
strain at 
25 
hours 
(%) 
Steady-state 
strain rate 
(1/s)** 
617 317.2 0.376 0.394 0.395 0.401 0.408 0.425 6.06E-10 
617 475.83 0.546 0.571 0.582 0.597 0.612 0.652 4.24E-09 
658 165.5 0.215 0.231 0.231 0.238 0.246 --- 7.04E-10 
658 317.2 0.3815 0.4135 0.4215 0.4465 0.4785 0.5255 1.58E-09 
658 317.2 0.393 0.403 0.405 0.419 --- --- 1.85E-09 
658 475.8 0.57 0.64 0.677 0.753 0.905 1.131 3.85E-08 
714 48.3 0.053 0.073 0.084 0.094 --- 0.092 1.52E-10 
714 165.5 0.218 0.242 0.257 0.281 0.336 0.379 3.19E-09 
714 165.5 0.208 0.227 0.246 0.267 --- --- 3.82E-09 
714 165.5 0.1845 0.2275 0.2395 0.2645 0.3175 --- 3.68E-09 
714 317.2 0.4465 0.5115 0.5485 0.6165 0.7445 0.9215 3.08E-08 
714 317.2 0.4045 0.4695 0.5085 0.5875 0.7305 0.9475 2.66E-08 
714 317.2 0.419 0.496 0.528 0.598 0.732 0.898 1.81E-08 
783 48.3 0.06 0.094 0.1 0.129 0.179 0.265 9.29E-09 
783 165.5 0.232 0.344 0.4 0.574 --- --- 1.83E-07 
* Data from J. W. Davis et al., [51]                                                                                                                         
**Steady-state strain rates are calculated by fitting strain-time curves 
 
 
 
V.2.2. Parameter fitting procedures 
Steady state parameter fitting procedures for Ti-6-4 is the same with procedures for 
NARloy Z, which is to construct a steady-state map with temperature contours and then adjust the 
material parameters so that the temperature contours match with the experimental data. A detail 
discussion of the construction of map with temperature contours along with a parametric study 
which provide the basis of parameter fitting can be found in section 2.2 from chapter IV. Since the 
steady-state response is not the main focus of this study, this section will only briefly discuss the 
fitting procedure for some of the steady-state material parameters. 
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As discussed in section 1, initial values for steady-state parameters need to be determined 
first before the fitting process. Table 5.3 below lists some material parameters for Ti-6Al-4V from 
the literature, in Table 5.3, values for α  phase material is used as initial values since as 
demonstrated below, experimental data used in this chapter is actually closer to α phase. 
 
Table 5.3 Some material parameters for Ti-6Al-4V from literature 
Material Parameter α phase β phase 
Shear modulus at 300K, ߤ଴ (ܩܲܽ) 43.5 20.5 
Temperature dependence of modulus -1.2 -0.5 
Pre-exponential for lattice diffusion, 
ܦ଴௩ (݉ଶ/ݏ) 6.6E-9 4.5E-8 
Activation energy for lattice diffusion, 
ܳ௩ (݇ܬ/݉݋݈݁) 169 131 
Pre-exponential for boundary 
diffusion, ߜܦ଴௕ (݉ଶ/ݏ) 7.8E-18 7.8E-17 
Activation energy for boundary 
diffusion, ܳ௕ (݇ܬ/݉݋݈݁) 101 77 
Exponent for power-law creep, ݊ 4.85 3.78 
*From Warren, J. et al. [49] 
 
 
 
Shear modulus      
If refer to Eq. (2.2)-Eq. (2.12), shear modulus is used in almost every equations throughout 
the construction process of the steady-state map. Also, From Eq. (2.13), shear modulus is also used 
to calculate the elastic strain. Hence shear modulus is a very important parameter for both steady-
state map and transient map. Below is the fitting process for shear modulus. Shear modulus of Ti-
6Al-4V discussed in this chapter can be fitted from experimental data shown in Table 5.2, by using 
elastic strain and loading stress as inputs: 
 ߤ =
ߪ௦
ߛ௦ =
ߪ
√3ൗ
√3߳  
 
(5.1)
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In Eq.(5.1), ߪ௦ and ߛ௦ are the shear stress and elastic shear strain, respectively, while ߪ and ߳ are 
the normal stress and normal elastic strain, respectively. Shear modulus calculated from Eq.(5.1) 
are shown in Figure 5.1 below with blue dots. 
 
 
Figure 5.1 Shear modulus fitting 
 
Shear modulus at 300K and temperature dependence of modulus as shown in equation 
(2.18) can be fitted from shear modulus calculated by Eq.(5.1). The Red solid line in Figure 5.1 
indicates the temperature-dependent shear modulus fitted from experimental data. Result for the 
shear modulus at 300K and temperature dependence of modulus is 34 GPa and -1.02, respectively. 
If comparing the fitted shear modulus with the shear modulus from Warren, J. et al. [49], the 
properties for Ti-6-4 discussed in this chapter are indeed between α phase and β phase, but closer 
with the shear modulus of α phase Ti-6-4. 
Pre-exponential for lattice diffusion, boundary diffusion, core diffusion and Dorn constant 
Similar to NARloy Z, pre-exponential for lattice diffusion, boundary diffusion and core 
diffusion, together with Dorn Constant A are fitted from steady-state experimental data by using 
the steady-state map with temperature contours. Before the fitting process, activation energy for 
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the lattice diffusion, boundary diffusion, core diffusion and exponent for power-law creep should 
be determined. Since from the fitting results for shear modulus, it is clear that the material 
properties are closer to α phase Ti-6-4, hence values for α phase Ti-6-4 as shown in Table 5.3 are 
used as initial values for ܳ௩, ܳ௕ and ݊ (as shown in label ‘c’ under Table 5.1, ܳ௖ = ܳ௕ ). If values 
for α phase Ti-6-4 cannot give a satisfying fit for the experimental data, values for ܳ௩, ܳ௕ and n 
will need to be adjusted according to β phase Ti-6-4’s properties. After putting α phase Ti-6-4’s 
values for ܳ௩, ܳ௕ and n as inputs, pre-exponential for lattice diffusion, boundary diffusion, core 
diffusion, and Dorn Constant can be fitted from the steady-state map with temperature contour, 
based on the parametric study carried out in Chapter III. The final steady-state map is shown below 
in Figure 5.2: 
 
 
Figure 5.2 Steady state responses of Ti-6Al-4V at different temperature contours 
 
In Figure 5.2, blue dots represent loading conditions at 617K, red dots represent loading 
conditions at 658K, green dots represent loading conditions at 714K, pink dots represent loading 
conditions at 783K.  From Figure 5.2, except for temperature contour at 714K, which is slightly 
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off the experimental data, all temperature contours fit with the experimental data very well. The 
fitting results are listed in Table 5.1, marked with ‘b’. Note that final values for D଴௩ and δD଴௕ are 
also between values for α phase Ti-6-4 and β phase Ti-6-4 listed in Table 5.3. 
Note that for the parameter fitting result shown in Figure 5.2, activation energies and 
power-law exponent are assumed to be equal with the values of ߙ phase Ti-6-4. However, from 
the analysis for the shear modulus, Ti-6-4 studied in this chapter is actually a ߙ-ߚ phase material. 
Next, values of activation energy for lattice diffusion, activation energy for boundary diffusion, 
and exponent for power-law creep will be changing from α phase material’s value to a value 
between α phase and ߚ  phase. If the fitting results can be improved, then ߙ-ߚ  phase material 
properties should be used instead of α  phase material properties. Table 5.4 below listed the 
material parameters for ߙ-ߚ phase Ti-6-4. 
 
Table 5.4 α-β phase material parameters for Ti-6Al-4V * 
Material Parameter value 
Activation energy for lattice diffusion, ܳ௩ 
(݇ܬ/݉݋݈݁) 150 
Activation energy for boundary diffusion, 
ܳ௕ (݇ܬ/݉݋݈݁) 89 
Exponent for power-law creep, ݊ 4.315 
*Averages of parameters of α phase material and β phase material are assumed as material 
parameters for α-β phase material. 
 
 
 
Steady-state maps with parameters from Table 5.4 are shown in Figure 5.3 below: 
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a) change ܳ௩ from α phase to α-β phase b) change ܳ௕ from α phase to α-β phase c) change power-law exponent n from α phase to α-β phase 
Figure 5.3 Temperature contours of Ti-6Al-4V when change parameters from α phase to α-β 
phase 
 
 
 
From Figure 5.3, it is seen that changing the activation energies and power-law exponent 
from α phase material’s value to α-β phase material’s value will worsen the fitting result. Hence, 
it can be conclude that for Ti-6-4 considered in this study, even though some material properties, 
such as shear modulus, are between α phase and β phase, some other material properties are the 
same with α phase Ti-6-4. Hence, we can conclude that Ti-6-4 in this study is a α-β phase material 
that is closer to α phase. 
Note that values for Dorn constant A and pre-exponential for core diffusion ܽ௖D଴௖ are not 
listed in Table 5.3, hence their fitted values are compared with values for pure Titanium given in 
Frost and Ashby [15], to see if they are within a reasonable range. Corresponding material 
properties for pure Titanium are listed below in Table 5.5.    
 
Table 5.5 Some material parameters for pure Titanium 
Material Parameter α phase β phase 
Dorn constant A 7.7E04 1E05 
pre-exponential for core 
diffusion ܽ௖ܦ଴௖ (݉ଶ/ݏ) 7.8E-29 1.6E-26 
*From Frost and Ashby [15]. 
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From Table 5.5, obviously fitted value for Dorn constant A and pre-exponential for core 
diffusion ܽ௖ܦ଴௖  are both off the value for pure Titanium provided by Frost and Ashby [15]. 
Especially for Dorn constant A, its value is far off the value for pure Titanium by several orders of 
magnitude. Hence, in Figure 5.4 shown below, Dorn constant A and ܽ௖ܦ଴௖ are increased to be 
closer with the value for pure Titanium, respectively, to see their influence on the steady-state map. 
 
a) increase Dorn constant A by 10 times b) increase pre-exponential for core diffusion ܽ௖ܦ଴௖ by 100 times 
Figure 5.4 Temperature contours of Ti-6Al-4V when change parameters to approach values of 
pure Titanium 
 
 
 
From Figure 5.4a, increasing Dorn constant A to make it closer to the Dorn constant for 
pure Titanium will worsen the fitting result. Figure 5.4b shows the fitting result when increasing 
the pre-exponential value for core diffusion ܽ௖ܦ଴௖ by 100 times (Note that ܽ௖ܦ଴௖ is increased by 
100 times because from the parametric study, ܽ௖ܦ଴௖ has little influence on the map. Hence its 
value is increased by 100 times to make the influence more obvious). 
From Figure 5.4b, the same with the Dorn constant, if increasing ܽ௖ܦ଴௖ to make its value 
closer to the value for pure Titanium, the temperature contours will no longer match with the 
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experimental data. This means the parameter fitting result listed in Table 5.1 is the best result we 
can get from experimental data listed in Table 5.2. 
The reason for the large difference between the Dorn constant fitted in this study and the 
Dorn constant provided by Frost and Ashby might be, according to Warren, J. et al. [49], that the 
Dorn constant A is a material sensitive parameter. Any slight difference in the material, like 
different grain size, different chemical component, different microstructure, etc., might cause large 
difference in Dorn constant A. Since Ti-6-4 studied in this chapter is essentially a different material 
with pure Titanium, it is possible that their Dorn constants have a large difference.  
Also, for ܽ௖ܦ଴௖ , as shown in Table 5.5, ܽ௖ܦ଴௖  for α phase Titanium and for β phase 
Titanium have a difference of about 1000 times. Thus, for difference types of material, activation 
energy ܽ௖ܦ଴௖ exists large difference. The fitted value for ܽ௖ܦ଴௖ is off the value for pure Titanium 
by about 100 times, which is still reasonable if consider the large difference between ܽ௖ܦ଴௖ for α 
phase Titanium and β phase Titanium. 
 
V.3. Results and discussion 
V.3.1. Comparison between experimental data and the theoretical value given by the 
transient map  
Comparisons between experimental data listed in Table 5.2 and strains calculated by the 
transient map are shown in Figure 5.5 as follow. The transient map used in this comparison is 
constructed by using material parameters listed in Table 5.1 and using time 30 minutes, 1 hour, 3 
hours, 10 hours and 25 hours as input, respectively. Blue triangles represent the experimental data 
and red circles represent the results from the transient maps. Temperatures and stresses listed 
below the x abscissa represent the loading conditions. 
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a)  
b)  
c)  
Figure 5.5 Comparison between experimental data and results from transient map. a): at time 30 
minutes; b): at time 1 hours; c): at time 3 hours; d): at time 10 hours; e): at time 25 hours 
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d)  
e)  
Figure 5.5 Continued 
 
 
 
Figure 5.5 shows comparisons between the experimental data listed in Table 5.2 and total 
strains calculated by the transient map at time 30 minutes, 1 hour, 3 hours, 10 hours and 15 hours, 
respectively. From these figures, when the time is relatively short (the first three figures), transient 
strain calculated by the map can capture the experimental data very well for all loading conditions. 
However, when the loading time is large, as shown in Figure 5.5d and Figure 5.5e, and when 
loading temperature is relatively low, strain calculated by the transient map can still capture the 
experimental result, but at higher temperature, obvious differences exist between experimental 
results and strains given by the map. This difference might occur because for higher temperature, 
when loading time is relatively long, the material might start degrading, which will cause material 
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parameters to change. Hence, their creep responses cannot be predicted accurately by the transient 
map.  
Since in this study, we are only interested at creep response for a very short period (15 
second and 30 second), from the fitting results shown in Figure 5.5, transient map constructed by 
using parameters from Table 5.1 can predict the creep response fairly. Transient maps 
incorporating design stresses are shown in next section. 
 
V.3.2. Transient map and design stress at time 15s, 30s  
Transient maps at time 15s and 30s are shown below in Figure 5.6. The pink curve in the 
transient map represents the plastic strain 0.2% with a safety factor 1.25. All temperatures and 
stresses under the pink curve generate no more than 0.2% plastic strain, hence are considered to 
be safe. The area below the pink curve is the design space, and y coordinates of the pink curve are 
normalized design stresses. Calculation procedures of the design stress for Ti-6-4 is exactly the 
same with the calculation procedures for NARloy Z, which have already been discussed in detail 
in section 3.3, Chapter IV.  
 
 
Figure 5.6 Transient map for Ti-6Al-4V with a 0.2% permanent plastic strain boundary 
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Figure 5.7 below shows the design stress under loading time 15s and 30s, respectively. 
When temperature is below 1000℉, design stresses under 15s loading time and 30s loading time 
are the same, since refer to Figure 5.6, when temperature is below 1000℉ (normalized temperature 
below 0.5), the pink curve which represents the design stress is at plasticity dominate zone or 
elastic deformation dominate zone, and these two mechanisms are time-independent. The pink 
curve in Figure 5.6 enters the diffusional flow dominate area when normalized temperature is 
about 0.57. Since strains caused by diffusional flow are time-dependent, there exists a small 
difference between design stress at 15s and design stress at 30s. Increase the loading period will 
result a smaller design stress. Design stress drop significantly as temperature goes higher. At the 
temperature of interest, which is 1640℉, design stress is only about 40MPa, which is only about 
5% of the design stress at room temperature.  
 
 
Figure 5.7 Design stresses of Ti-6Al-4V at 15s and 30s 
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CHAPTER VI  
PHENOMENOLOGICAL MODEL FOR TIME-DEPENDENT AND 
INELASTIC RESPONSES OF NARLOY-Z AND UNDERSTANDING THE 
EFFECT OF ENERGY DISSIPATION 
 
In the previous chapters (II-IV), empirical or semi empirical models are considered in order to 
generate transient and steady-state creep deformations. Empirical models are generally formulated 
for material responses under specific loading conditions; thus different models and material 
parameters are required to predict responses of one material under different conditions. 
Alternatively, constitutive models can be formulated in a general fashion in order to capture 
responses of materials under various loading histories. Some of these models are 
thermodynamically admissible which satisfies first and second laws of thermodynamics. Some 
other models are derived mainly to capture overall responses of materials under various loading 
histories, but they are not necessarily thermodynamically admissible. In this chapter, we consider 
a different approach in predicting response of metals under cyclic loading where rate (time) and 
temperature dependences are obvious. We adopt a viscoplastic constitutive model presented by 
Freed et al. [33] to capture hysteretic responses of NARloy-Z. The model reduces to analytical 
solutions for creep loading. Furthermore, we modify the viscoplastic model by Freed et al. [33] to 
account for energy dissipation effects on time-dependent and inelastic responses of materials. The 
amount of energy dissipated is converted into heat, and thus increasing the temperature in the 
materials. Several material parameters in the model are temperature-dependent, and thus the 
dissipation of energy during loading can affect the overall responses of the materials. We show 
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that the energy dissipation effect becomes important when the materials are subjected to relatively 
long-term loading duration.  
 
VI.1. Constitutive model and numerical implementation 
In the Freed et al. [33] viscoplastic model, three internal state variables are considered in 
order to account for the inelastic and time-dependent effect, which are the drag strength D, yield 
stress Y and back stress B. Among them, D and Y are scalars and B is a second order tensor 
associated to a deviatoric stress. The model is formulated for isotropic materials undergoing a 
small deformation gradient. The total strain is additively decomposed into the elastic and time-
dependent inelastic part, and the deviatoric (Sij) and volumetric (σ௞௞ ) stress components are 
defined as: 
 ( )
( )
2 ;   0
3
p p
ij ij ij kk
kk kk kk
S
T
μ ε ε ε
σ κ ε α δ
= − =
= − Δ
 (6.1)
where ߤ and ߢ are the elastic shear and bulk moduli, respectively, which can be expressed in terms 
of Young’s modulus E and Poisson’s ratio ߥ, ߙ is the thermal expansion coefficient,  ߂ܶ is the 
temperature change, and ߜ௞௞=3. The rate of plastic strain at a steady state creep is given as 
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 (6.2)
where ( )Tϑ  is the thermal activation function, 0C > is the material constant and 0Z ≥ is the 
Zener parameter that depends on the stress state of the materials.  
Since Zener parameter in Eq. (6.2) is highly non-linear, which is challenging in obtaining 
analytical solutions, instead of using Eq. (6.2) to calculate the plastic strain rate, the strain rate is 
rewritten as a power function. The power function is shown as follow: 
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 
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p
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Sε  (6.3)
In Eq. (6.3), the parameter n can be expressed in terms of the fastest strain rate and slowest strain 
rate as follow: 
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f
S  and sS  in the above equation are expressed by p fε  and 
p
s
ε  by inverting Eq. (6.2). 
ϑ  is derived by substitute n into Eq. (6.3). The final expressions for ϑ  and n are shown in Eq. 
(6.9) and Eq. (6.10), respectively. Detailed discussion on the model can be found in Freed et al. 
[33].  
In this study, the reported experimental data are obtained under uniaxial loading and only 
the data in the direction of loading are available. In such a situation, a one dimensional model is 
considered. Under a uniaxial loading and one-dimensional response, the stress in Eq. (6.1) is 
expressed as: 
 ( )( )p oE T Tσ ε ε α= − − −  (6.5)
where E is the elastic modulus, pε is the plastic strain, α is the thermal expansion coefficient, T is 
the current temperature, and To is the initial temperature. The plastic strain is calculated from the 
following plastic strain rate power law model, which is written as: 
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In the above equations, ϑ  and nˆ are material functions that depend on the rate of plastic strain 
and temperature. It is noted that the thermal expansion coefficient and yield stress are also 
temperature-dependent. In a uniaxial loading, 11 1 13 / 2 Sσ σ= = , the value of ߚ is 113 / 2 Bβ = , 
where B11 is the uniaxial back stress, and 1 1ε ε= . The forms of the drag strength D, yield stress 
Y, and back stress B11 are given in Freed et al. [33], which for the one-dimensional case are 
summarized as: 
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In Eq. (6.7), H and L are the material functions and r is the thermal recovery function which are 
expressed as: 
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where h is the hardening modulus, l is the monotonic/cyclic interaction term which distinguishes 
between the monotonic and cyclic loading histories, l is the material parameter which determines 
the stress range for hysteresis loops, f is the parameter that determines the shape of the hysteresis 
loop (increasing f will increase the curvature), Do is the initial drag strength and C is the stress at 
which the power law breaks down. The material functions ϑ  and n are 
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where A and n are material constants, and ϑ  is the temperature-dependent function, which is 
given as: 
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 (6.11)
where Tt and Tm are the transition and melting temperatures, respectively. In many materials, it is 
often assumed that Tt =0.5 Tm. In Eqs. (6.9) and (6.10) p
f
ε  and p
s
ε are the approximate 
fastest and slowest plastic strain rates, respectively, and p
a
ε is the average strain rate: 
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 { }1exp ln ln2p p pa f sε ε ε   = +          (6.12)
In this study, we extend the above constitutive model to include the temperature effect due to the 
energy dissipation. The source of the energy dissipation is assumed due to the viscoplastic 
responses. The rate of the energy dissipation in the viscoplastic model is obtained from the viscous 
part of the response, which is: 
 d v vW σ ε=   (6.13)
where the viscous part of the strain is v pε ε= . In the one-dimensional analyses (Eq.(6.5)), the 
total strain is additively decomposed into the elastic, viscoplastic, and thermal strains. One can 
consider a mechanical analog model with one spring to represent the linear elastic behavior and 
one dashpot-slider to represent the viscoplastic component, arranged in series, as shown in Figure 
6.1 below: 
 
 
Figure 6.1 Mechanical analog of the viscoplastic model 
 
In the above mechanical analog model, the stress is taken as the viscous stress in Eq. (6.5). 
Once the dissipation rate is defined, the total energy dissipation at current time t is calculated by 
integrating the dissipation rate:  
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d dW t W s ds=    (6.14)
Assuming an adiabatic condition in the specimens and all energy dissipation is converted into heat, 
the temperature change due to the dissipated energy is: 
 ( )( ) dW tT t cρΔ =
 (6.15)
where  ߩ is the density of materials and c is the specific heat. Finally, the temperature at current 
time is determined from ( ) ( )oT t T T t= + Δ . As mentioned above the material parameters in the 
above model change with temperatures and the temperature increases due to the dissipation of 
energy also alter the mechanical properties of the materials through the temperature dependent 
function in Eq. (6.11); thus, affecting the viscoplastic responses of the materials.  
For the differential equations of the drag strength and back stress as presented in Eq. (6.7), 
a forward Euler method is used to solve them numerically. For example, the drag strength 
ܦ| ௧ା௱௧ = ܦ| ௧ + ߂ݐܦ|ሶ ௧ . Hence, if initial conditions for these material functions are known, their 
values at any time t+Δt can be determined. Initial values for the stress, back stress, plastic strain 
are all zero, while initial value for the drag strength is ܦ଴ = ܿ/100, according to Freed et. al. [33]. 
Since in the constitutive model presented in Eq. (6.5), stress is not an independent variable, this 
constitutive model has to be solved numerically by using the iterative method, i.e., fixed point 
method. The iteration process is shown in the following flowchart (Figure 6.2) inside the dashed 
square, where the superscript i indicates the iteration counter.  
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Figure 6.2 Flowchart for calculate cyclic stress 
  
VI.2. Creep and cyclic responses of NARLOY-Z 
VI.2.1. Cyclic responses 
In this study, we use the above model to first compare the amount of energy dissipation 
under cyclic and constant load prescribed on NARloy-Z. The material parameters in the above 
model are taken from the fitted experimental data obtained by Freed et al. [33] at temperature 
538℃ for cyclic response after steady-state, which are summarized in Table 6.1 below.   
 
Table 6.1 Material parameters for NARloy-Z under cyclic loading 
 Constant Unit Value 
Elastic constants 
ߙ ܭିଵ 16.5 × 10ି଺ a 
ߤ଴ ܯܲܽ 54000 a 
ߤଵ ܯܲܽ/ܭ -17 a 
ߥ --- 0.34 a 
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Table 6.1 Continued 
 Constant Unit Value  
Steady-state creep 
constants 
ܣ ݏିଵ 8 × 10ଵ଼ a 
ܥ ܯܲܽ 14 a 
݊ --- 4 a 
ܳ ܬ/݉݋݈. 450000 a 
௠ܶ ܭ 1350 a 
Transient 
viscoplastic 
constants 
ߜ --- 0.035 a 
݂ --- 0.6 b 
ℎ ܯܲܽ 50 b 
݈ --- 2.5 b 
Thermal constants ߩ ܭ݃/݉
ଷ 9131 c 
ܿ ܬ/ܭ݃ ∙ ܭ 3860 d 
*Shear modulus  ߤ = ߤ଴ + ߤଵܶ 
  Transient temperature ௧ܶ = ଵଶ ௠ܶ 
  Initial drag strength ܦ଴ = ܥ/100 
a. Data from Freed, A. D., & Walker, K. P. [44]. 
b. Data from fitting experimental data. 
c. Data from Ellis, D. L., & Michal, G. M. [48]. 
d. Approximated by taking Cu’s value.  
 
 
 
The amount of energy dissipations from cyclic loading at strain rate 0.002/s and stress 
relaxation responses of NARloy-Z at two levels of strains, i.e., 3.5% and 0.7% are shown in Figure 
6.3 below. These strain ranges are the largest strain range and the smallest strain range available 
in experimental data, respectively, hence these two strain ranges are chosen to be compared with 
stress relaxation under same maximum strain. It is seen that the cyclic loading results in much 
higher energy dissipation compared to the stress relaxation under constant strains for the same 
duration of loading and at the same level of strains. Longer loading duration results in larger 
difference in the accumulated energy dissipation between the cyclic and constant loadings. Figure 
6.4 illustrates the amount of energy dissipation and force range under cyclic loading with two 
different frequencies. From the above analysis, it is seen that energy dissipation, which results in 
 
 
101 
 
temperature increases, and time-dependent effect play important roles in the predictions of cyclic 
softening behavior and cyclic failure time, especially for long term loading duration. 
 
 
Figure 6.3 Energy dissipations of NARloy-Z with strain amplitude of 3.5% (left) and 0.7% 
(right) 
 
 
 
 
Figure 6.4 Energy dissipation and force range for same strain range under different strain rate 
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Figure 6.4 Continued 
 
 
 
From Figure 6.4, for both strain ranges (0.9% on the top and 2.6% on the bottom), when 
the strain rate is higher, the total energy dissipated is much larger than the one under a smaller 
strain rate, leading to early failure. This corresponds to the two figures at the bottom, the softening 
behavior of a higher strain rate is more obvious than the one at a lower strain rate. It is also noted 
that higher loading rates result in larger number of cycles for a given loading period, thus more 
energy dissipation is being accumulated and temperature increase is higher. Higher temperatures 
lead to softening of the metals, and thus reducing the stress resistance. 
The above viscoplastic model is now used to simulate cyclic behaviors of NARloy-Z 
under various strain amplitude (strain ranges ߂ߝ: 0.7%-3.5%) and loading rates (0.01/s, 0.002/s, 
and 0.0004/s). Experimental data are obtained from Conway et al. [3]. Table 6.2 lists the available 
experimental tests under cyclic loadings and their corresponding numbers of cycles to failure. 
Shape of specimens used in the experiments is shown in Figure 6.5. The cross sectional area of 
the specimen is 3.17 × 10ିହ ݉ଶ, so the output stress as shown in the flowchart above can be 
converted into force by using equation ܨ = ߪܣ. The corresponding force ranges at certain loading 
conditions are calculated and plotted as output, which will be discussed later. 
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Figure 6.5 Shape of specimens used in the experiment. * From Conway et al. (1975) 
 
 
 
Table 6.2 Experimental results under cyclic loadings 
Temperature (℃) Strain Rate (1/s) Strain Range (%) Cycles to Failure 
538 
0.01 
0.9 3909 3586 
2.6 339 364 
0.0004 
0.9 1138 1196 
2.6 154 133 
0.002 
0.7 3601 
0.85 2469 
1.0 1169 
1.2 1126 
2.0 331 
2.5 253 
3.5 99 
     *Experimental results from Conway et al. [3]. 
 
 
 
It is noted that the strain range indicates the range of strain from the maximum tension to 
maximum compression, thus the amplitude of strain is half of ߂ߝ. First, responses under the highest 
rate 0.01/s at two different strain amplitudes are analyzed. Figure 6.6 illustrates the corresponding 
force ranges (Δ݂) at several number of cycles for the cyclic loadings with two strain ranges. It is 
seen that the models with and without energy dissipation effect are very close when the number of 
cycles is relatively low. However, as number of cycle increases, the model with the energy 
dissipation effect can predict the experimental data well, while the model without any energy 
dissipation effect results in constant force range throughout the cyclic loading. These results 
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indicate non-negligible temperature increases as number of cycle increases, and the temperature 
increase leads to softening in the materials and therefore reducing the force ranges with increasing 
number of cycles.  
 
 
Figure 6.6 Force ranges under strain rate 0.01/s, strain range 0.9% (left) and 2.6% (right) 
 
The corresponding stress-strain plots (hysteretic loops) at two different cycles are also 
shown in Figure 6.7 and Figure 6.8. It is seen that the model that includes the energy dissipation 
effect can better predict the hysteretic loops especially at high number of cycles (Figure 6.7).  
 
 
Figure 6.7 Hysteretic loops from cyclic loading with strain rate 0.01/s and strain range 0.9%: 
1330 cycle (left) and 1945 cycle (right) 
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Figure 6.8 Hysteretic loops from cyclic loading with strain rate 0.01/s and strain range 2.6%: 156 
cycle (left) and 200 cycle (right) 
 
 
 
 
Figure 6.9 Temperature increases during cyclic loading corresponding to the responses in Figure 
6.6 
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above. For cyclic loading under 2.6% strain range, temperature increase is about 8.75% for a 
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17.5% for a loading range about 6300s. It is seen that the temperature increase is dramatic when 
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2.6% strain range occurs faster than the one at a smaller strain range. However, when comparing 
the temperature increase at the same time, larger strain range will cause higher temperature 
changes, which is expected due to relatively large hysteretic areas (Figure 6.8). 
The above viscoplastic model has also been validated for simulating cyclic responses of 
NARloy-Z under different strain rates and strain amplitude. Comparisons of the model and 
experimental data for loading under strain rate 0.002/sec and strain range 0.85%, 1%, 1.2%, 2%, 
2.5% are plotted in Figure 6.10. From these figures, we can see that when loading time is relatively 
short, the effect of energy dissipation is also small. However, when longer loading duration (about 
100 cycles for strain range 0.85%, 80 cycles for strain range 1.0%, 50 cycles for strain range 1.2%, 
30 cycles for strain range 2.0% and 2.5%.) the role of energy dissipation becomes important. From 
the force range-number of cycles figures on the left hand side, it is clear that the model which 
includes the energy dissipation captures the experimental data better. Also, from the hysteresis 
loops figures on the right hand side, we see that if the number of cycle is small, the difference 
between the two models is negligible. The model that includes the energy dissipation can simulate 
the actual hysteresis loop better. 
 
 
Figure 6.10 Force range and hysteresis loop for strain range 0.85%, 1.0%, 1.2%, 2.0%, 
2.5% under rate 0.002/s 
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Figure 6.10 Continued 
101 102 103
0
5
10
15
for
ce
 ra
ng
e, 
kN
 (F
 =
 σ
A)
Δε = 1.0%
Strain Rate = 0.002 /s
 
 
Model with Energy Dissipation
Model without Energy Dissipation
Experimental Data
-0.015 -0.01 -0.005 0 0.005 0.01 0.015
-150
-100
-50
0
50
100
150
str
es
s σ
 (M
Pa
)
Cycle 450 ; Δε = 1.0% ; Strain Rate = 0.002 /s
 
 
Without Dissipation With Dissipation Experiment
101 102 103
0
5
10
15
for
ce
 ra
ng
e, 
kN
 (F
 =
 σ
A)
Δε = 1.2%
Strain Rate = 0.002 /s
 
 
Model with Energy Dissipation
Model without Energy Dissipation
Experimental Data
-0.015 -0.01 -0.005 0 0.005 0.01 0.015
-150
-100
-50
0
50
100
150
str
es
s σ
 (M
Pa
)
Cycle 521 ; Δε = 1.2% ; Strain Rate = 0.002 /s
 
 
Without Dissipation With Dissipation Experiment
101 102
0
5
10
15
for
ce
 ra
ng
e, 
kN
 (F
 =
 σ
A)
Δε = 2.0%
Strain Rate = 0.002 /s
 
 
Model with Energy Dissipation
Model without Energy Dissipation
Experimental Data
-0.015 -0.01 -0.005 0 0.005 0.01 0.015
-150
-100
-50
0
50
100
150
str
es
s σ
 (M
Pa
)
Cycle 150 ; Δε = 2.0% ; Strain Rate = 0.002 /s
 
 
Without Dissipation With Dissipation Experiment
101 102
0
5
10
15
number of cycles
for
ce
 ra
ng
e, 
kN
 (F
 =
 σ
A)
Δε = 2.5%
Strain Rate = 0.002 /s
 
 
Model with Energy Dissipation
Model without Energy Dissipation
Experimental Data
-0.015 -0.01 -0.005 0 0.005 0.01 0.015
-150
-100
-50
0
50
100
150
strain ε
str
es
s σ
 (M
Pa
)
Cycle 115 ; Δε = 2.5% ; Strain Rate = 0.002 /s
 
 
Without Dissipation With Dissipation Experiment
 
 
108 
 
Similar behaviors are observed in Figure 6.11 for cyclic responses under strain rate 0.0004 
1/s, in which the model that incorporates the energy dissipation effect can better capture the 
hysteretic responses. The effect of energy dissipation is more significant at relatively large number 
of cycles (longer loading durations) due to the accumulated heat generation, which causes 
significant increases in temperatures. As expected the model that incorporate temperature changes 
due to the energy dissipation effect shows better predictions. It is also seen that longer loading 
duration leads to a more pronounced effect of energy dissipation.   
 
  
   
Figure 6.11 Force range and hysteresis loops for strain range 0.9% and 2.6% under rate 0.0004/s 
 
 
 
Temperature increases for the cases discussed in Figure 6.10 and Figure 6.11 are shown 
in Figure 6.12. It is seen that higher strain rates and strain amplitude lead to higher temperature 
increases for fixed loading duration, which is expected due to more energy is being dissipated. It 
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is once again shown that the model that incorporates material changes due to temperature increases 
can capture reduction in the force resistance in long-term loading duration. 
 
 
Figure 6.12 Temperature increase for all loading conditions in Figure 6.10 and Figure 6.11 
 
 
 
In this study, we further examine the relationship between the amount of energy 
dissipation and cyclic fatigue life for Copper alloy NARloy-Z. Figure 6.13 illustrates the cycle and 
time to failure for NARloy-Z at different strain ranges and rates tested above. It is clearly seen that 
higher strain rates lead to earlier failure times since faster loading results in higher number of 
cycles achieved at a given duration of loading. The more cycles achieved, the more energy being 
dissipated and softening (degradation) in materials occurs faster. Solid dots in Figure 6.13 indicate 
values for Nf which are taken from experimental data shown in Table 6.2, which indicate cycles 
to complete specimen separation. 
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Figure 6.13 Relationship between cycles to failure and loading strain range (left) and loading 
time to failure and loading strain range (right) 
 
 
 
 
Figure 6.14 Relationship between total energy dissipation and time to failure in NARloy-Z 
 
 
 
More pronounced energy dissipation in NARloy-Z under cyclic responses lead to early 
failure time (shorter life of the materials), as illustrated in Figure 6.14 above. This figure shows 
that faster loading causes smaller stress softening, but results in more number of cycles at fixed 
loading time, which leads to more pronounced energy dissipation. It is noted that fatigue failure in 
materials is often quantified in terms of number of cycles to failure (Nf) and loading amplitude. 
This leads to an impression that higher values of Nf means higher durability of materials. However, 
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for materials that shows pronounced time-dependent effect, referring only to Nf might not be the 
appropriate measure for determining fatigue failure, as illustrated in Figure 6.13.  
Finally, to illustrate the amount of energy dissipation per-cycle under different strain 
amplitude and strain rates, and its relation to total number of cycle to failure, we present Figure 
6.15. The figure shows that under the same amplitude of strain, different strain rates result in nearly 
the same energy dissipated per cycle. Comparing Figure 6.15 and Figure 6.13, higher rates lead to 
more number of cycles before failure, and this amount of cycles is achieved at a relatively shorter 
period of time.  
 
 
Figure 6.15 Relationship between energy dissipated per cycle and number of cycles to failure 
 
 
 
From the above studies, we can conclude that the amount of energy dissipated in the 
materials undergoing time-dependent and plastic deformations can be significant, especially when 
the materials are subjected to long-term duration of loading. This energy dissipation results in the 
temperature increases and can influence the mechanical performance of the materials, and also 
reducing the life span of the materials. 
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VI.2.2. Creep responses 
The viscoplastic model is also used to predict creep responses of NARloy-Z under various 
uniaxial stresses and different temperatures. The effect of energy dissipation will be examined and 
the creep responses will be compared to experimental data. The experimental data for the creep 
responses of NARloy-Z are obtained from Ellis [48]. Since the creep data and cyclic data come 
from two different sources, their material properties may not be the same. Hence, the steady-state 
creep constants A, C and n in Eq. (6.6)-(6.8) have to be recalibrated from the creep data. The 
experimental data needed to calibrate these parameters are listed in Table 6.3. 
 
Table 6.3 Steady-state creep data of NARloy-Z  
Temperature 
(K) 
Stress 
(MPa) 
Steady-
State 
Strain 
Rate 
(1/s) 
Temperature 
(K) 
Stress 
(MPa) 
Steady-
State 
Strain 
Rate 
(1/s) 
Temperature 
(K) 
Stress 
(MPa) 
Steady-
State 
Strain 
Rate 
(1/s) 
773 
61.1 2.13E-8 
923 
17.9 1.03E-8 
1073 
6.2 7.25E-8 
62.0 7.53E-8 17.7 4.39E-8 6.2 1.94E-7 
62.0 6.75E-8 18.0 6.00E-8 5.7 4.67E-7 
62.2 3.03E-7 17.8 4.25E-8 6.2 1.23E-7 
72.9 3.94E-7 27.7 1.69E-7 10.3 9.08E-6 
72.8 5.36E-7 27.6 2.34E-7 10.3 6.56E-6 
73.0 4.50E-7 27.7 4.28E-7 10.3 6.64E-6 
72.8 1.96E-7 27.7 2.16E-7 10.4 4.97E-6 
84.0 1.52E-6 37.3 1.23E-5 14.7 3.69E-5 
84.0 2.41E-6 37.4 2.83E-6 14.6 8.28E-6 
84.1 2.59E-6 37.6 1.07E-6 14.6 3.25E-5 
83.9 2.06E-6 37.4 7.19E-6 14.6 5.39E-6 
*Experimental results from Ellis [48] 
 
 
 
The steady-state creep constants A, C and n can be calibrated from the steady-state strain 
rates shown in Table 6.3. From Equation (6.2), the steady-state strain rate, in one-dimensional 
representation, is: 
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 [ ] , / 3p p pssss ss
S
T Z
C
ϑ  ε = ε = ε  
    (6.16)
In Eq. (6.16), ( )Tϑ  is the thermal activation function as shown in Eq. (6.11), SZ
C
   
is the 
steady-state Zener parameter: 
 sinh , / 3n SZ A SC
 
= = σ  
 (6.17)
From Eq. (6.16), the steady-state Zener parameter Z can be written as: 
 [ ]3 /pssSZ TC ϑ
 
= ε  
  (6.18)
In Eq. (6.16), function of steady-state strain rate is rewritten as the product of a temperature-
dependent function ( )Tϑ and a stress-dependent function SZ
C
   
. Since ( )Tϑ  is only a 
function of temperature, for each stress listed in Table 6.3 by substituting the steady-state strain 
rate and temperature into Eq. (6.18), the corresponding Zener parameter Z is determined. By 
plotting the Zener parameter Z against the magnitude of deviatoric stress ‖ܵ‖ as in Eq. (6.17), the 
parameters A, C and n from Eq. (6.17) can be fitted. Since parameters A, C and n come from 
temperature-independent function SZ
C
   
 , these parameters are temperature-independent as 
well. Figure 6.16 is the result of parameter fitting, and the calibrated values for A, C and n are 
listed in Table 6.4 below: 
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Table 6.4 Steady-state constants calibrated from experimental data 
Parameter Value 
A 8 × 10ଵ଺  ݏିଵ 
C 4.5 MPa 
n 3.7 
 
 
 
 
Figure 6.16 Steady-state constants fitting for NARloy Z 
 
 
 
The above viscoplastic model is now used to simulate creep responses of NARloy-Z. 
However, since for creep loading, instead of strain, stress is used as the input, the analysis of the 
above model is simpler since the strain and strain rate can be directly determined from the input 
stress. Here, Eq. (6.2) is used directly to calculate the strain rate. For the uniaxial loading condition, 
Eq. (6.2) is rewritten as: 
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The flow chart for creep is presented as follow. Since strain is a dependent variable, iterative 
method is not used here. Similar with cyclic loading, forward Euler method is used to solve the 
differential equations. Initial values for back stress and plastic strain are both zero, and initial value 
for drag strength is 0.26MPa at loading condition 773K, 72.9MPa, 2.06MPa at loading condition 
923K, 27.6MPa. 
 
 
Figure 6.17 Flowchart for calculating creep strain 
 
From the flow chart shown in Figure 6.17 above, initial value for drag strength ܦ଴ should 
be determined first as an input parameter. According to Freed et al. [33], for f.c.c. metals, ܦ଴ ≈
ܥ/100. This value is used for cyclic behavior for NARloy-Z. However, for creep, ܥ/100 is only 
used as an initial value for drag strength ܦ଴ , then, this value for ܦ଴  is adjusted for the creep 
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responses to simulate the experimental data. The final values for ܦ଴ at loading conditions 773K, 
72.9MPa and 923K, 27.6MPa are listed below Figure 6.18. 
By following the flowchart in Figure 6.17, the creep behaviors at two different loading 
conditions: 773K, 72.9MPa and 923K, 27.6MPa are calculated and compared with the 
experimental results. The resulting strain-time curves are shown in Figure 6.18 below.  
 
 
Figure 6.18 Predictions of creep strains (line) at 773K, 72.9MPa with ܦ଴=0.26MPa (left) and at 
923K, 27.6MPa with ܦ଴=2.06MPa (right), compared with experimental data (symbols). 
 
 
 
The black line in Figure 6.18 represents the strain calculated from the viscoplastic model, 
and the symbols represent the experimental data. As seen in Figure 6.18, for each loading condition, 
there are four sets of data available. However, variations in the four experimental results are quite 
large for the loading conditions considered. For the creep at lower temperature (top figure), when 
the strain is relatively small (smaller than 1%), discrepancies in the experimental results are not 
significant, and the model can capture the experimental data well. However, when the strain 
increases with time, discrepancies in the experimental data are pronounced. Overall, the model 
prediction is within the experimental data available. For higher temperature (bottom figure), three 
sets of the experimental results are similar with each the other, while one set of data is much higher 
-2 0 2 4 6 8 10 12 14 16-0.01
0
0.01
0.02
0.03
0.04
0.05
0.06
time (hour)
str
ain
 ε
 
 
viscoplastic model
experimental result
experimental result
experimental result
experimental result
-2 0 2 4 6 8 10 12 140
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
time (hour)
str
ain
 ε
 
 
viscoplastic model
experimental result
experimental result
experimental result
experimental result
 
 
117 
 
than others. This might be the experimental error, which is more likely to happen at higher 
temperature. It is once again seen that the model can capture most of the experimental results, 
especially at higher strains after 4 hours. 
Similar to the cyclic loading, the amount of energy dissipation and temperature increase 
during creep loading are shown for the loading condition 773K, 72.9MPa corresponding to the top 
figure of Figure 6.18, as shown in Figure 6.19. Both energy dissipation and temperature increase 
are very small for the creep loading, when compared to the cyclic loading. Referring to Eq. (6.13), 
the rate for energy dissipation is determined by the inelastic stress and inelastic strain rate. As in 
Figure 6.19, a loading time of 5 × 10ସ  seconds will only cause less than 0.05 degree of 
temperature change, which is much less than the temperature caused by cyclic loading. Hence, 
even for a long period of time, energy dissipation’s effect will not cause any significant change to 
the creep behavior. 
 
 
Figure 6.19 Energy dissipation and temperature increase for loading condition 773K, 72.9MPa 
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CHAPTER VII  
CREEP RESPONSE FOR CARBON-POLYIMIDE COMPOSITE T650-
35/PMR-15 
 
Creep response for PMR-15 polyimide is described with a power-law model, then a rule of mixture 
is used to determine the creep response of composites having carbon fiber T650-35 and PMR-15 
matrix. Section 1 discussed the technical procedures used to evaluate the creep response of 
polyimide matrix PMR-15 and carbon/polyimide composite. Similar to the creep in metals at high 
temperatures discussed in chapter IV and chapter V, in order to simulate the transient creep strain, 
the steady-state strain rate has to be determined first. Section 2 in this chapter discusses the 
parameter calibration process needed to simulate the steady-state strain rates. Section 3 discusses 
the parameter calibrations needed to simulate the transient creep strain. Note that since 
experimental data on creep responses of PMR-15 are limited, in this study several assumptions are 
made in order to fit the creep response of PMR-15 into the power-law model. The fitting results 
for parameters can further be refined if more experimental results are available. Section 4 
discussed the creep response of carbon/polyimide composite. Rule of mixtures is used to combine 
the creep response of PMR-15 with response of an elastic carbon fiber. Design space and design 
stress for carbon/polyimide composite are also discussed in section 4. 
  
VII.1. Techanical procedures 
In this chapter, creep response and design stress for carbon/polyimide composite T650-
35/PMR-15 are studied. The response for carbon fiber T650-35 is assumed to be elastic in both 
axial direction and transverse direction. Polyimide PMR-15 has been considered as a non-linear 
viscoelastic materials due to their responses at different stresses and temperatures, and nonlinear 
 
 
119 
 
viscoelastic constitutive models have been formulated to describe time-dependent responses of 
polyimide [28, 54, 55]. However, for structural design applications incorporating rigorous non-
linear viscoelastic cosntitutive models can be impractical and cumbersome since the nonlinear 
viscoelastic models are often expressed in complex mathematical functions, where obtaining exact 
analytical solutions might not be possible. Alternatively for design purposes, empricial models are 
typically considered due to their simplicity in determining the responses of materials; however, 
the empirical models are limited in describing the physical mechanisms underlying the responses 
of the materials. Hence, in this chapter, a power-law mathematical model is used to describe the 
creep response for PMR-15, following the empirical model used for metals at high temperatures. 
Then, rule of mixtures is used to combine the overall responses of Carbon fiber T650-35 and 
polyimide PMR-15, and analyze the design stress for carbon/polyimide T650-35/PMR-15 
composite. 
Accroading to Shames and Cozzarelli [56], the most significant mechanism for creep in 
polycrystalline materials at elevated temperatures, is dislocation creep. For metals, the transient 
strain at the macroscopic scale caused by dislocation movement is modeled by a power-law model. 
In this chapter, a similar power-law model is used to simulate the macroscopic creep behavior for 
PMR-15 polyimide at high temperature and high stresses, eventhough the microscopic 
characteristics of creep deformations in polymers are not the same as the ones of the metals.  
For creep in metals caused by dislocation movement, the steady-state strain rate is 
simulated by Shelby-Dorn equation: 
 ߝሶୱୱ = ܣߪ௡exp(−
ܳ
ܴܶ) (7.1)
where A is a constant parameter, n is the power-law exponent, Q is the activation energy, and R is 
the gas constant (R= 8.314 ܬ/(݉݋݈ ∙ ܭ)). Acroading to Chen, Rong, et al. [57], for PMR-15 
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polyimide, power-law exponent n ranges from 1.5-2.2 and the activation energy ranges from 103-
135.8 kJ/mol.  
The transient plastic strain is calculated by using a power-law creep model: 
 ߝ௣ = ߝ௧ሾ1 − ݁ݔ݌(−ܥߝሶ௦௦ݐ)ሿ + ߝሶ௦௦ݐ (7.2)
C and ߝ௧  from Eq. (7.2) can be fitted by using experimental data provided by Marais and 
Villoutreix [12]. Note that Eq. (7.2) is the same with the power-law model used for metals in 
Chapter II. Unlike the cases for metals where C and ߝ௧ are both constant, for PMR-15 polyimide, 
values for C and ߝ௧ change with both temperatures and stresses. The total strains can be calculated 
by adding the instantaneous elastic strain and plastic strain: 
 ߝ = ߝ௘ + ߝ௣ (7.3)
where ε୮ can be calculated by using Eq. (7.2), and instantaneous elastic strain can be calculated 
by using Eq. (7.4) below: 
 ߝ௘ =
ߪ
ܧ (7.4)
In Eq. (7.4), ߪ is the loading stress and ܧ is the elastic modulus. In the above equations, linearized 
strain measures are considered since the existence of carbon fibers would limit the deformation in 
the composites. By substitute Eq. (7.4) and Eq. (7.2) into Eq. (7.3), creep response of PMR-15 can 
be determined.  
Rule of mixtures [58] is used to determine the creep response of fiber/PMR-15 composite. 
Calculation for creep responses in both axial direction and transverse direction using rule of 
mixtures are shown as follows. For the response along the axial fiber direction, the overall 
(effective) axial strain and stress, from the equilibrium and compatibility conditions, are given as: 
 ߝ = ߝ௙ = ߝ௠ (7.5) 
 ߪ = ௙ܸߪ௙ + (1 − ௙ܸ)ߪ௠ 
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where in Eq. (7.5), ߝ and ߪ represents overall (macroscopic) strain and stress of the composite,  ߝ୤ 
and ߪ୤  represent the strain and stress for fiber,  ߝ୫  and σ୫  represent the strain and stress for 
polymer matrix, and ୤ܸ is the fiber volume fraction. 
The constitutive relationships for fiber and polymer matrix are shown below: 
 ߝ௙ = ߪ௙/ܧ௙ 
(7.6)
 ߝ௠ = ݂(ߪ௠, ݐ) 
Note that in Eq. (7.6), fiber is assumed to be elastic fiber, and for PMR-15, ݂(ߪ௠, ݐ) is the same 
with Eq. (7.3). Substitute Eq. (7.5) into Eq. (7.6), the input creep stress can be written as a function 
of time t and stress for polymer matrix ߪ௠. 
 ߪ = ௙ܸܧ௙݂(ߪ௠, ݐ) + (1 − ௙ܸ)ߪ௠ (7.7)
The stress for polymer matrix ߪ௠  can be determined numerically from Eq. (7.7). Once ߪ௠  is 
determined, the overall creep strain in the axial fiber direction is calcualted by using Eq. (7.6). 
 ߝ = ߝ௠ = ݂(ߪ௠, ݐ) (7.8)
For the creep responses along the transverse fiber direction, the following equilibrium and 
compatibility equations are considered: 
 ߝ = ௙ܸߝ௙ + (1 − ௙ܸ)ߝ௠ (7.9) 
 ߪ = ߪ௙ = ߪ௠ 
By substituting the constitutive relationships in Eq. (7.6) into Eq. (7.9), the overall creep strain 
along the transverse fiber direction is written as: 
 ߝ = ௙ܸߪ/ܧ௙ + (1 − ௙ܸ)݂(ߪ, ݐ) (7.10)
From Eq. (7.5) to Eq. (7.10), obviously the creep response for fiber/polyimide composite 
can be easily simulated as long as the creep response for polyimide can be captured. Creep 
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responses for PMR-15 polyimide under various temperature and stress are analyzed and modeled 
below in section 2 and section 3. 
 
VII.2. Steady-state response of PMR-15 
VII.2.1. Steady-state strain rates calibrated from experimental data 
In this chapter, steady-state strain rates under four different temperature levels and four 
different stress levels are calibrated from experimental creep data given by Marais and Villoutreix 
[12], and are summarized below in Table 7.1. The steady-state strain rate is the slope of the 
secondary creep stage. 
 
Table 7.1 Steady-state strain rate 
Stress(MPa) Temperature(K) Steady-state strain rate(1/s) 
14.4 523 4.14E-08 
21.6 523 6.09E-08 
28.8 523 9.02E-08 
33.6 523 1.46E-07 
14.4 548 6.05E-08 
21.6 548 7.30E-08 
28.8 548 1.68E-07 
33.6 548 2.85E-07 
14.4 558 5.22E-08 
21.6 558 6.58E-08 
28.8 558 2.59E-07 
33.6 558 7.23E-07 
14.4 573 5.47E-08 
21.6 573 2.70E-07 
28.8 573 1.36E-06 
33.6 573 1.10E-05 
*Steady state strain rates are determined from strain-time curves 
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VII.2.2. Fitting steady-state parameters 
Using the steady-state strain rates provided in Table 7.1, the parameters A, n and Q from 
Eq. (7.1) can be fitted. Unlike metals, for polymers, material parameters can be temperature-
dependent and stress-dependent. Chen, Rong, et al. [57] stated that for PMR-15 polyimide, A is a 
constant, values for n ranges from 1.5-2.2 and the activation energy ranges from 103-135.8 kJ/mol, 
depending on the loading temperature and loading stress. hence, in this section, for all loading 
conditions, by using MATLAB, parameter n and Q are adjusted to make steady-state strain rate 
calcualted by Eq. (7.1) agree with steady-state strain reates listed in Table 7.1. Note that n is the 
slope of ߝሶ௦௦-ߪ curve on a log plot. The fitting results are depicted in Figure 7.1 below. Red dots in 
Figure 7.1 represent steady-state strain rates calibrated from experimental data and listed in Table 
7.1; and blue curves represent steady-state strains rate calcualted from Eq. (7.1).  
 
 
 
Figure 7.1 Steady state strain rates at different stresses and temperatures (fitting results for A, n 
and Q) 
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The goal of the parameter fitting is to determine the values of A, n and Q so that the model 
in Eq. (1.1) can simulate the experimental results. The fitting results is shown in Figure 7.1. The 
fitting result for the constant A is 3 × 10ିଵ଴, this value can give the best fit to experimental data 
considered in this chapter, and ensure values for n and Q are within the ranges given by Chen, 
Rong, et al. [57]. The fitting results for the power-law exponent n under temperature 523K, 548K, 
558K and 573K are 2.0, 1.95, 1.91, 1.89, respectively.  
From the curve fitting results shown in Figure 7.1, The power-law exponent n is 
temperature-dependent. Relationship between the power-law exponent n and temperature T is 
shown in Figure 7.2. As shown in Figure 7.2, the relationship between n and temperature can be 
assumed to be linear. Red line in Figure 7.2 represents the fitted function and blue dots represent 
the fitting results for power-law exponent n from Figure 7.1at different temperatures. 
 
 
Figure 7.2 Relationship between power-law exponent n and temperature 
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Note that as shown in Figure 7.2, the power-law exponent n is within the range given by Chen, 
Rong, et al. [57]. 
Activation energy Q depends on both temperature and stress. Table 7.2 below shows 
activation energies under different temperatures and stresses calibrated from experimental date 
listed in Table 7.1. 
 
Table 7.2 Activation energy Q under different temperatures and stresses 
           Stress(MPa) 
 
Temperature(K) 
14.4 21.6 28.8 33.6 
523 123 123 123 123 
548 123 123 123 123 
558 123 123 120 116 
573 123 119 114 106 
 
 
 
From Table 7.2, when temperature is relatively low, the activation energy remains 
unchanged with increasing stresses. As temperature is approaching the glass transition 
temperature, the activation energy decreases as stress increases. Hence activation energy Q is 
assumed to be a function of temperature and stress (ܳ = ݂(ܶ, ߪ)). A bilinear interpolation is used 
to determine the activation energy at arbitrary temperatures and stresses. Linear interpolation is 
firstly applied with respect to temperature, then another linear interpolation is applied with respect 
to stress. The activation energy at (25MPa, 570K) is used as an example to illustrate how a bilinear 
interpolation is used to determine the activation energy at arbitrary stresses and temperatures. 
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Figure 7.3 Linear interpolation in both stress and temperature (often referred as bilinear 
interpolation in literature) for activation energy Q 
 
 
 
As shown in Figure 7.3, in order to calculate the activation energy at 25MPa, 570K, a 
linear interpolation is first considered with respect to temperature to calculate the activation 
energies at 21.6MPa, 570K and 28.8MPa, 570K. Activation energies at 21.6MPa, 558K and 
21.6MPa, 573K (red dots on left side) are used to calculate activation energy at 21.6MPa, 570K 
and activation energies at 28.8MPa, 558K and 28.8MPa, 573K (red dots on right side) are used to 
calculate activation energy at 28.8MPa, 570K. From a linear interpolation, activation energy at 
21.6MPa, 570K is 119.8 kJ/mol while activation energy at 28.8MPa, 570K is 115.2kJ/mol. Then 
linear interpolation is used again with respect to stress by using values calculated from the previous 
step (green dots). The final result for the activation energy at 25MPa, 570K is 117.63 kJ/mol. 
By substituting the constant A, and the power-law exponent n and activation energy Q into 
Eq.(7.1), the steady-state strain rate at arbitrary temperature and stress can be calculated. A 
comparison between the steady-state strain rates calculated by Eq. (7.1) and steady-state strain 
rates calibrated from experimental data are shown in Figure 7.4 below. The steady-state strain 
rates calculated by Eq.(7.1) give a reasonably good prediction for the steady-state strain rates 
calibrated from experiment. 
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Figure 7.4 Comparison between steady-state strain rates calibrated from experimental data and 
from power-law model 
 
 
 
VII.3. Transient response of PMR-15 
VII.3.1. Calibrate material parameters from experimental data 
From Eq. (7.2)-(7.4), there are three parameters needed to be fitted in order to capture the 
total transient creep strain: transient constant C, transient strain ߝ௧ and elastic modulus E. Unlike 
metals, for polyimides, these parameters may depend on both temperature and stress. Hence, these 
parameters are calibrated from experimental data for each loading condition by varying them until 
the responses from the model match with experimental data. The fitting results for temperature 
523K, 548K, 558K and 578K are shown in Figure 7.5. Experimental data used in this section are 
digitized from Marais and Villoutreix [12]. 
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Figure 7.5 Fitting results at temperature 523 K, 548K, 558K and 573K 
 
From Figure 7.5 above, the model proposed in Eq. (7.3) can capture the creep response of 
PMR 15 polyimide with appropriate material parameters. At each loading condition, calibrated 
values for the elastic modulus E, transient constant C and transient strain ߝ௧ are listed below in 
Table 7.3, Table 7.4 and Table 7.5, respectively. Elastic modulus are calculated from instantaneous 
elastic strains shown in Figure 7.5, by converting Eq. (7.4) (ߝ௘ in Eq. (7.4) is the instantaneous 
elastic strain at time=0 s, which can be directly read from Figure 7.5 above).  
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Table 7.3 Fitted value for elastic modulus E (GPa) at all loading conditions 
           Stress(MPa) 
 
Temperature(K) 
14.4 21.6 28.8 33.6 
523 2.28 2.25 1.97 1.83 
548 2.17 1.91 1.91 1.78 
558 1.99 1.82 1.73 1.63 
573 1.35 1.61 1.58 1.26 
 
 
 
Table 7.4 Fitted value for transient constant C at all loading conditions 
           Stress(MPa) 
 
Temperature(K) 
14.4 21.6 28.8 33.6 
523 11800 7000 2800 2600 
548 12000 8000 3900 1900 
558 12800 8000 2100 600 
573 9000 2000 450 400 
 
 
 
Table 7.5 Fitted value for transient strain ߝ௧ at all loading conditions 
           Stress(MPa) 
 
Temperature(K) 
14.4 21.6 28.8 33.6 
523 0.0006 0.0007 0.0018 0.0032 
548 0.0006 0.0018 0.0045 0.0066 
558 0.0014 0.002 0.0047 0.0078 
573 0.0019 0.0061 0.0099 0.0054 
 
 
 
From Table 7.3-Table 7.5, the elastic modulus E, transient constant C and transient strain 
ߝ௧ for PMR-15 polyimide are both temperature- and stress-dependent. Mathematical functions are 
formed for the temperature and stress dependency which are discussed in the following sections. 
 
VII.3.2. Relationship between temperature, loading stress and elastic modulus E  
In this section, elastic modulus E, transient constant C and transient strain ߝ௧ calibrated 
from experimental results and listed in Table 7.3-Table 7.5 are fitted by a series of mathematical 
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functions (linear functions, polynomial functions, power functions, exponential functions, etc.) 
Figure 7.6 shows stress and temperature dependent elastic modulus. A linear relationship between 
the elastic modulus and loading stress is assumed. Hence, under the same temperature, elastic 
modulus can be fitted by the following equation: 
 ܧ = ݇൫ߪ − ߪୟ୴ୣ୰ୟ୥ୣ൯ + ܧୟ୴ୣ୰ୟ୥ୣ (7.12)
Eq. (7.12) above uses a point-slope form to show the relationship between elastic modulus E and 
stress  σ . In Eq. (7.12), k is the slope of the fitted linear line as shown in Figure 7.6 and 
(ߪୟ୴ୣ୰ୟ୥ୣ, ܧୟ୴ୣ୰ୟ୥ୣ) is the coordinate of a known point in the fitted linear line shown in Figure 7.6. 
At a fixed temperature, ߪ௔௩௘௥௔௚௘ is the average of all input stresses from experiment (ߪ௔௩௘௥௔௚௘ =
0.51ߪ௖௥).  According to Marais and Villoutreix [12], ߪ௖௥ is the tensile failure stress, ߪ௖௥ = 47MPa. 
ܧ௔௩௘௥௔௚௘  is the average of all calibrated elastic modulus (for example, at temperature 523K, 
ܧ௔௩௘௥௔௚௘is the average of all calibrated elastic modulus under 523K listed in Table 7.3), and is 
assumed to be the elastic modulus corresponding to stress ߪ௔௩௘௥௔௚௘. From Figure 7.6, we can see 
that k and ܧୟ୴ୣ୰ୟ୥ୣ are both temperature-dependent.  
 
 
Figure 7.6 Elastic modulus calibrated from experiment and their curve fitting results 
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The relationship between slope k and temperature is presented in Figure 7.7 below. Their 
relationship is fitted by a second order polynomial function (the red line). The fitted function is: 
 ݇ = 0.00687ܶଶ − 7.2317ܶ + 1877.184 (7.13)
In Eq. (7.13), T represents temperature (K). Note that second order polynomial function is not a 
monotonic increasing function, hence, as shown in Figure 7.7 below, when temperature is smaller 
than 520K, k will increase while temperature decrease. This does not match with the trend we 
observed from experimental data. Hence, when temperature is smaller than 520K, slope k is 
assumed to remain unchanged as temperature decreases. 
The relationship between average elastic modulus and temperature is fitted by a linear 
function (the red line in Figure 7.8) 
 ܧୟ୴ୣ୰ୟ୥ୣ = −1.2148 × 10ିଶܶ + 8.5038 (GPa) (7.14)
 
 
 
 
Figure 7.7 Relationship between slope k and temperature 
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Figure 7.8 Relationship between average elastic modulus and temperature 
 
Substituting Eq. (7.13) and Eq. (7.14) into Eq. (7.12), a relationship between elastic 
modulus, temperature and loading stress can be constructed as follow. 
 2 2(0 .0068 7.2317 1877.184) ( ) ( 1 .2148 10 8.5038)averageE T T Tσ σ −= − + × − + − × +  (GPa) (7.15)
 
 
 
 
Figure 7.9 Comparison between elastic strains calibrated from experiment and from using elastic 
modulus shown in Eq. (7.15) 
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A comparison between the elastic strains calibrated from experimental results and the ones 
calculated from the elastic modulus given in Eq. (7.15) is shown in Figure 7.9. From Figure 7.9, 
by using the fitted elastic modulus shown in Eq. (7.15), the elastic strain from experiment can be 
captured. 
 
VII.3.3. Relationship between temperature, loading stress and transient constant C 
The transient constant C calibrated from experiments (listed in Table 7.4) is plotted against 
loading stress in Figure 7.10, for all loading temperatures. 
 
 
Figure 7.10 Transient constant C calibrated from experiment 
 
 From Figure 7.10, we can see that the relationship between the transient constant C and 
loading stress is almost linear in a log-log scalar. Hence a power-law relationship is used to fit the 
transient constant C. 
 log(ܥ) = ܽ + ܾ × log(ߪ) (7.16)
where a is the y intercept in the log-log figure and b is the slope. From Figure 7.10, we can see 
that at lower temperatures (523K and 548K), a and b are constants, while for higher temperature, 
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a and b will change with temperatures. In this study, the values for a and b are first fitted for lower 
temperatures. The result is shown in Figure 7.11. From Figure 7.11 below, we can see that the 
relationship between the transient constant C and stress can be fitted by a linear function in a log-
log scalar. The black line in Figure 7.11 is a linear function like Eq. (7.16). The fitted value for a 
and b is 6.6184 and -2.1575, respectively. Next, values for a and b are fitted at the highest 
temperature, 573K. The fitting result is shown in Figure 7.12. The values for a and b at 573K are 
8.3528 and -3.8947, respectively. 
 
 
Figure 7.11 Transient constant C at 523 K and 548 K and their fitted curve 
 
 
Figure 7.12 Transient constant C at 573 K and their fitted curve 
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As discussed above, at lower temperatures (below 548K), a and b are assumed to be 
constant. At temperatures above 548K, values for a and b are assumed to change linearly with 
temperatures. Functions for a and b are shown below in Eq. (7.17) and Eq. (7.18). 
 ܽ = ൜6.6184  when ܶ ≤ 5488.3528 − 0.0694 × (573 − ܶ) when ܶ > 548 (7.17)
 ܾ = ൜−2.1575 when ܶ ≤ 548−3.8947 + 0.0695 × (573 − ܶ) when ܶ > 548 (7.18)
Figure 7.13 below shows the comparison between the transient constant C calibrated from 
experiment and the fitted curve where values for a and b are calculated from Eq. (7.17) and Eq. 
(7.18), respectively, for temperature 558K. By substituting Eq. (7.17) and Eq. (7.18) into Eq. 
(7.16), the transient constant C can be calculated with any given input stress and temperature. The 
function for C is shown below: 
 ܥ = ൜10଺.଺ଵ଼ସ × ߪିଶ.ଵହ଻ହ when ܶ ≤ 54810଼.ଷହଶ଼ି଴.଴଺ଽସ×(ହ଻ଷି்) × ߪିଷ.଼ଽସ଻ା଴.଴଺ଽହ×(ହ଻ଷି்) when ܶ > 548 (7.19)
 
 
 
 
Figure 7.13 Transient constant C at 558 K and their fitted curve 
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VII.3.4. Relationship between temperature, loading stress and transient strain ࢿܜ 
Recall in Eq. (7.2), plastic strain is expressed as ( )1 expp t ss ssC t tε ε ε ε= − − +    . 
Functions for transient constant C and steady-state strain rate ߝሶ௦௦ have already been discussed in 
the above sections. Hence, in order to calculate the plastic strain, function for transient strain ߝ௧ is 
discussed in this section. The transient strains calibrated from experiment and their curve fitting 
results from Table 1.5 are illustrated in Figure 7.14 below.  
 
 
Figure 7.14 Transient strain calibrated from experiment and their curve fitting results 
 
Note that in Figure 7.14, at loading condition 573K, 33.6MPa (which is also the largest 
input temperature and stress), the calibrated value for the transient strain is slightly off from the 
fitted curve. The reason might be that for loading condition 573K, 33.6MPa, the specimen breaks 
at about 1 hour according to experimental results, but for other loading conditions, the specimen 
is still experiencing steady-state creep even after 5 hours loading. Material behaviors can vary 
abruptly when close to failure, hence the transient strain at loading condition 573K, 33.6MPa is 
not considered in the fitting process since it does not follow the same trend as the transient strains 
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for other loading conditions. In Figure 7.14, the relationship between stress and transient strain is 
modeled by an exponential function: 
 ߝ୲ = ܿ ∙ exp(݀ ∙ ߪ) (7.20)
In Eq. (7.20), c and d are temperature-dependent parameters. The fitting process for c and d are 
shown in Figure 7.15 and Figure 7.16, respectively.  
 
 
Figure 7.15 Relationship between pre-exponential c and temperature 
 
Figure 7.15 above considers an exponential function to fit the pre-exponential c in Eq. 
(7.20). The fitting result is: 
 ܿ = 1.22 × 10ିଽ ∙ exp(0.0227 ∙ ܶ) (7.21)
Figure 7.16 below also use an exponential function to fit the relationship between parameter d in 
Eq. (7.20) and temperature. The fitting result is: 
 ݀ = 0.00689 ∙ exp(0.0487 ∙ ܶ) (7.22)
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Figure 7.16 Relationship between exponent d and temperature 
 
Substituting Eq. (7.21) and Eq. (7.22) into Eq. (7.20), the relationship between the 
transient strain, temperature and stress can be found. 
 ε୲ = (1.22 × 10ିଽ ∙ exp(0.0227 ∙ T)) ∙ exp((0.00689 ∙ exp(0.0487 ∙ T)) ∙ σ) (7.23)
Substituting Eq. (7.1), Eq. (7.15), Eq. (7.19) and Eq. (7.23) into Eq. (7.3), the transient creep strain 
at a certain time can be written as a function of temperature and stress only. By using this function, 
the total transient strains at several loading times are calculated and plotted to compare with the 
experimental data.  
Substituting Eq. (7.15), Eq. (7.19) and Eq. (7.23) into the power-law model proposed in 
Eq.(7.1)-(7.4), the creep response under various temperature and stress can be calculated. Figure 
7.17 below shows the comparison between creep strain simulated by the power-law model and 
experimental data. ߪ௖௥ in Figure 7.17 represents tensile failure stress, ߪ௖௥=47MPa.   
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Figure 7.17 Comparison between experimental data and strains calculated by power-law creep 
model  
 
 
 
From Figure 7.17, for lower temperatures, the power-law creep model can capture the 
experimental data, but for higher temperatures, especially at higher stresses, some discrepancies 
between the predicted values from the model and the experimental results are seen. The reason for 
the difference might be, due to lack of experimental data and rather simple functions are considered 
for the material parameter. Besides, at high temperature, sometimes the creep behavior can be 
unstable, large deviation may exist between two experiments at same loading condition. However, 
in this study, at all loading conditions, only one set of experimental data is available, hence it is 
impossible to examine the repeatability of experimental results. However, from the results shown 
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in Figure 7.5, we can see that by selecting appropriate parameters, the creep behavior of PMR-15 
can be fitted by the power-law model. Reasonably well predictions are observed.  
 
VII.4. Modeling creep response of T650-35/PMR-15 composite  
Creep response for PMR-15 polyimide is described empirically using a power-law model 
in section 3. In this section, the overall creep response of T650-35/PMR-15 composite is 
determined using rule of mixtures. The accuracy of rule of mixtures to model the response of 
composite is examined in section 4.1 by comparing the elastic properties and creep compliance 
calculated from rule of mixtures and experimental results. In section 4.2, creep response of another 
polyimide composite, Kevlar/PMR-15 is modeled by rule of mixtures and compared with results 
from a micromechanical model, having more detailed microstructural morphologies [11]. Note 
that in the micromechanical model, the creep response of PMR-15 is modeled with a general 
nonlinear viscoelastic constitutive model. This is done in order to test the capability in using rule 
of mixture in predicting creep responses of fiber composites. In section 4.3 the rule of mixture is 
used to determine the overall creep responses and design stress for carbon/polyimide composite 
T650-35/PMR-15. In this section, for PMR-15 polyimide, instead of using a general nonlinear 
viscoelastic model, a simpler power-law model is used. Hence, the calculation process for design 
stress is simplified, which can be used for design applications in engineering.  
 
VII.4.1. Comparison between mechanical properties from experimental data and from rule 
of mixtures  
Elastic moduli from experimental results for carbon/epoxy composite with different fiber 
volume fractions are taken from Huang [59]. The elastic moduli for carbon fiber and epoxy matrix 
are also provided by Huang [59], and are listed in Table 7.6. 
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Table 7.6 Elastic properties for carbon fiber and epoxy matrix 
 ܧଵଵ (ܩܲܽ) ܧଶଶ (ܩܲܽ) 
Fiber (Modmor II) 232 15 
Matrix (LY558) 5.35  
 
 
 
 
Figure 7.18 Elastic modulus for Carbon/Epoxy composite 
 
Figure 7.18 is an evaluation of the rule of mixture for known fiber–matrix to get an 
appreciation of the accuracy of the relationship. From Figure 7.18, the elastic moduli calculated 
using rule of mixtures can capture the experimental data in the axial fiber direction, but for the 
elastic moduli in the transverse fiber direction, the moduli calculated using rule of mixtures is 
smaller than ones from experiment. To further verify the accuracy of rule of mixtures, the elastic 
properties of another composite, polyethylene/epoxy composite Tenfor SN1A/Ciba-Geigy 913 
provided by Wilczynski and Lewinski [60] are also compared with the elastic moduli calculated 
using rule of mixtures. The elastic moduli for polyethylene fiber and epoxy matrix from 
Wilczynski and Lewinski [60] are summarized in Table 7.7. 
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Table 7.7 Elastic properties for polyethylene fiber and epoxy matrix 
 ܧଵଵ (ܩܲܽ) ܧଶଶ (ܩܲܽ) 
Fiber (Tenfor SN1A) 60.4 4.68 
Matrix (Ciba-Geigy 913) 5.55  
 
 
 
 
Figure 7.19 Elastic modulus for Polyethylene/Epoxy composite 
 
From Figure 7.19 above, similar to the carbon/epoxy composite, the elastic moduli 
calculated from rule of mixtures can only capture the elastic response in the axial fiber direction. 
For moduli in the transverse fiber direction, results from rule of mixtures are smaller than actual 
modulus obtained from experiment.  
In addition to the elastic properties, creep compliances for Kevlar/epoxy composite with 
a 63% fiber volume fraction are also calculated by using rule of mixtures and compared with creep 
compliance calibrated from experiment. Besides rule of mixtures, a micromechanical model with 
detailed microstructural morphologies is also used to simulate the creep compliance calibrated 
from experiment. Following methods from Muliana and Sawant [11], The creep compliances for 
Kevlar fiber and epoxy matrix are both expressed in terms of Prony series, expressed by Eq. (7.24) 
below: 
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 D(t) = ܦ଴ + ෍ ܦ௡(1 − exp(ߣ௡ݐ))
௡
௡ୀଵ
 (7.24)
The Prony series for Kevlar and epoxy are taken from Muliana and Sawant [11]. 
 
 
Figure 7.20 Creep compliance for Kevlar/epoxy composite (micromechanical from [11]) 
 
From Figure 7.20 above, for the creep compliance along the axial fiber direction, both 
micromechanical model and rule of mixtures can give a good prediction of the experimental results. 
However, for the creep compliance along the transverse fiber direction, the micromechanical 
model can capture the experimental results better than rule of mixtures.  
 
VII.4.2. Creep responses predicted by rule of mixtures and micromechanical model 
From section 4.1 above, micromechanical model can capture the creep response of 
Kevlar/epoxy composite in both axial direction and transverse direction. In this section, creep 
responses for polyimide composite Kevlar/PMR-15 simulated by rule of mixtures are compared 
with creep responses simulated by micromechanical model proposed by Muliana and Sawant [11]. 
Only responses along the axial fiber direction are considered. Below are the comparisons between 
these two models along axial direction at temperatures 523K, 548K, 558K and 573K, respectively. 
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The input stress is 100MPa, and the fiber volume fraction is 20%. For the micromechanical model, 
both Kevlar and PMR-15 are simulated by using nonlinear viscoelastic model, while for rule of 
mixtures, the Kevlar is simulated by a viscoelastic model same with micromechanical model, but 
PMR-15 is simulated by power-law model described in Eq. (7.1) to Eq. (7.4). The comparison 
results are shown in Figure 7.21 below. From Figure 7.21, we can see that for creep response along 
axial direction, only a small difference exists between creep strain predicted by micromechanical 
model and creep strain calculated by using rule of mixtures. Since in section 4.1 above, the 
accuracy of the micromechanical model has already been verified by comparing with experimental 
data, we can concluded that creep strain calculated by using rule of mixtures can also simulate the 
creep response along axial direction for Kevlar/PMR-15 composite. 
 
 
 
Figure 7.21 Comparison between rule of mixtures and micromechanical model along axial 
direction for Kevlar/PMR-15 composite with 20% fiber volume fraction (micromechanical from 
[11]) 
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VII.4.3. Creep response and design stress for Carbon/Polyimide composite T650-35/PMR-15 
In this section, design stresses under creep with period 2 hours, 3 hours and 4 hours for 
carbon/polyimide composite T650-35/PMR-15 with a 60% fiber volume fraction are determined 
by using rule of mixtures. Similar with design stresses for metals as discussed in Chapter IV and 
Chapter V above, design stress for carbon/polyimide composite is defined as the stress, which 
ensures that the permanent plastic strain never exceeds 0.2%, with a safety factor 1.25. Comparing 
with micromechanical models, rule of mixtures is less complex, which is more practical in design 
applications. Elastic properties for Carbon fiber T650-35 are taken from Muliana and Sawant [11], 
and are listed in Table 7.8. Temperature and stress dependent elastic modulus for PMR-15 is 
discussed in section 3.2 above.  
 
Table 7.8 Elastic properties for carbon fiber and polyimide matrix* 
 ܧଵଵ (ܩܲܽ) ܧଶଶ (ܩܲܽ) 
Fiber (T650-35) 224 15.4 
Matrix (PMR-
15) 
2 2(0.0068 7.2317 1877.184) ( ) ( 1.2148 10 8.5038)averageE T T Tσ σ −= − + × − + − × +
(Eq. (7.15))** 
*Values for T650-35 carbon fiber come from Muliana and Sawant [11] 
**as discussed in Eq. (7.15), ߪ௔௩௘௥௔௚௘ is the average of all input stress from experimental results. ߪ௔௩௘௥௔௚௘ =
0.51ߪ௖௥ ≈ 24ܯܲܽ 
 
 
 
In this section, Carbon fiber T650-35 is assumed to be linear elastic in both axial and 
transverse fiber directions, and creep response for polyimide matrix PMR-15 is modeled by the 
power-law model discussed in Eq. (7.1)-Eq. (7.4).  
Similar with metals discussed in chapter IV and chapter V, design space for T650-
35/PMR-15 composite under a short loading period is discussed in this chapter. Figure 7.22 below 
shows the design space for T650-35/PMR-15 composite under 30 seconds loading, in axial fiber 
direction and transverse fiber direction, respectively. 
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a) axial fiber direction b) transverse fiber direction 
Figure 7.22 Design space for carbon/polyimide composite for 30 seconds 
 
Note that according to Murphy [61], ultimate tensile strength is 4.28 GPa for carbon fiber 
T650-35. Since the tensile strength for PMR-15 is 47MPa [12], the tensile strength in axial fiber 
direction is about 2.59GPa for T650-35/PMR-15 composite with 60% fiber volume fraction by 
using rule of mixtures. Peters [62] also conclude that for commercial high strength carbon 
composites, the typical unidirectional tension strength along axial fiber direction is about 2.1GPa. 
In Figure 7.22a, the black dashed line represents the ultimate tensile strength for T650-35 
composite in axial fiber direction with a safety factor equal to 1.25. If design stress exceed the 
ultimate strength, for all loading stresses below the tensile ultimate strength, permanent plastic 
strain will not exceed 0.2%. From Figure 7.22a, the black curve in the right upper corner represents 
the design stress. However, the design stress is larger than the ultimate tensile strength, hence, 
design space is actually the area below the ultimate strength line. From Figure 7.22a, we conclude 
that for all temperatures below glass transition temperature (589K according to Odegard and 
Kumosa [63]), the design stress for T650-35/PMR-15 composite under 30 seconds loading is the 
ultimate strength. Any stress below the ultimate strength can be considered safe in the design. 
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Ultimate strength in transverse fiber direction is assumed to be the same with ultimate 
strength for PMR-15 matrix, with a safety factor 1.25. From Figure 7.22b above, when temperature 
is above 550K, design stress is smaller than ultimate tensile strength, and when temperature is 
below 550K, design stress is larger than ultimate strength. Hence, similar with axial fiber direction, 
for temperature below 550K, design stress will be the ultimate strength. For temperatures below 
550K, all stresses smaller than ultimate strength can be considered safe in design, while for 
temperatures above 550K, design space will be the area below design stress (black curve in right 
upper corner). For temperatures close to glass transition temperature, design stress is about 27MPa. 
As discussed above, for a very short period of loading (30 seconds), plastic deformation 
for polyimide composite will be very small in both axial fiber direction and transverse fiber 
direction. Since the design standard used in this study is to restrict the permanent plastic strain to 
0.2%, for a short loading period, any stress below the ultimate strength can be considered safe in 
design. In order to show how the method discussed in this chapter is used to calculate the design 
stress and design space and to illustrate the design space for arbitrary stress and temperature under 
a relatively long period of time, design space corresponding to 3 hours creep for carbon/polyimide 
composite along the axial fiber direction and transverse fiber direction, together with design space 
at time 3 hours for polyimide matrix PMR-15 are plotted below in Figure 7.23-Figure 7.24. Black 
curve in these figures represent stresses and temperatures under which the plastic strain reaches 
0.2%, with a safe factor 1.25, hence, all temperatures and stresses below the black curve can be 
considered safe in design, and the area below the black curve is the design space. 
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a) axial fiber direction b) transverse fiber direction 
Figure 7.23 Design space for carbon/polyimide composite for 3 hours 
 
 
Figure 7.24 Design space for PMR-15 
 
From the strain contours shown in Figure 7.23a above, creep responses for 
carbon/polyimide composite in axial fiber direction are dominated by elastic deformation, since 
the strain contours change linearly with stress and show only slightly change with temperature. 
That is because the response of carbon fiber is assumed to be linear elastic, and in the axial fiber 
direction, the response of carbon/polyimide composite is dominated by carbon fiber. From Figure 
7.23a, the design stress for carbon/polyimide composite along axial fiber direction can be as high 
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as 2 GPa under temperature below 480 K. Clearly carbon fiber improved the strength of PMR-15 
matrix significantly. 
Figure 7.23b above shows the strain contours and design space for carbon/polyimide 
composite in transverse fiber direction. If comparing Figure 7.23b with Figure 7.23a on the left, 
obviously design space in transverse fiber direction is much smaller than design space in axial 
fiber direction. Figure 7.24 below is the design space for polyimide matrix PMR-15. Comparing 
Figure 7.23 with Figure 7.24, we can see that combining carbon fiber with PMR-15 will increase 
the strength of the material in both axial fiber direction and transverse fiber direction, but in 
transverse fiber direction, the improvement is rather small. Also, unlike the creep response in axial 
fiber direction, which is dominated by elastic deformations, the creep response of 
carbon/polyimide composite in the transverse fiber direction is similar with the creep response of 
PMR-15 polyimide when comparing the strain contours in Figure 7.23b and Figure 7.24. However, 
it should be noted that the rule of mixture is limited in capturing responses in the transverse fiber 
direction, as depicted in Figure 7.20, in which the rule of mixture results in around 20% error of 
experimental prediction (over prediction) of the creep compliance in the transverse fiber direction.  
Design stresses for carbon/polyimide composite along the axial and transverse fiber 
directions under loading period 2 hours, 3 hours and 4 hours are plotted against temperature in 
Figure 7.25, respectively. In order to illustrate how carbon fiber improved the strength of PMR-
15 polyimide, the design stress for PMR-15 polyimide is also plotted in Figure 7.26 for comparison. 
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a) axial fiber direction b) transverse fiber direction 
Figure 7.25 Design stress for carbon/polyimide composite  
 
 
Figure 7.26 Design stress for PMR-15 polyimide 
 
From Figure 7.25a above, design stress for carbon/polyimide composite in axial direction 
is very high if compared with the design stress of PMR-15 shown in Figure 7.26. Even at 
temperatures near glass transition temperature 316℃ (about 600℉), the design stress is still about 
0.9GPa, which is far above the tensile failure stress for PMR-15 (47 MPa). As loading time 
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temperature increase. At temperatures close to the glass transition temperature, design stress shows 
little difference for loading time 2 hours, 3 hours and 4 hours. 
Design stress in transverse direction for carbon/polyimide composite is also shown in 
Figure 7.25b above. Note that for loading time 2 hours, when temperature is about 450 ℉ (430 ℉ 
for 3 hours and 420 ℉ for 4 hours), the design stress reaches the tensile failure stress (with a safety 
factor 1.25, about 37.6MPa), which means for temperature below that value, as long as the loading 
stress does not exceed the tensile failure stress, the permanent plastic strain will never exceed 0.2%. 
From Figure 7.25b, obviously the design stress in the transverse fiber direction is far less than the 
design stress in the axial fiber direction. At temperatures near glass transition temperature, the 
design stress is only about 12-13 MPa. Similar to the design stress along axial fiber direction, when 
loading time increase, design stress corresponding to the same temperature will decrease slightly. 
Figure 7.26 above is the design stress for polyimide PMR-15. When comparing the design 
stress for PMR-15 with the design stress for carbon/polyimide composite T650-35/PMR-15, 
carbon fiber T650-35 can improve the performance in the axial direction significantly. For 
example at temperature 500 ℉ at loading period 2 hours, design stress for carbon/polyimide 
composite is about 1.4GPa, but for PMR-15, the design stress under 500 ℉, 2 hours is only about 
17.5MPa. Combine carbon fiber with polyimide PMR-15 can improve the design stress by about 
80 times. For the design stress in the transverse fiber direction, from Figure 7.25b, design stress 
under 500 ℉, 2 hours is about 26MPa. Hence for the transverse direction, carbon fiber can only 
improve the design stress by about 1.5 times. From Figure 7.25 to Figure 7.26, clearly combining 
carbon fiber with PMR-15 can improve the performance of PMR-15 polyimide in both axial and 
transverse directions, which makes the carbon/polyimide composite promising in many 
engineering applications.  
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Design stress for T650-36/PMR-15 composite near glass transition temperature (600 ℉) 
is one of the main considerations in this chapter, and is summarized in Table 7.9 below. 
 
Table 7.9 Design stress at temperature near glass transition temperature 
Loading time 30 seconds 3 hours 
Fiber direction Axial Transverse Axial Transverse 
Design stress 
Equal to 
ultimate stress 
(about 2.1GPa) 
27 MPa 0.9 GPa 13MPa 
 
 
 
VII.5. Summaries and discussions  
In this chapter, we showed that the power-law model used to model the transient creep for 
metals can also be used to model the creep response of polyimide. Unlike in metals where all 
material parameters can be assumed as constant (see parametric study in chapter III), material 
parameters for polyimide are temperature-dependent and stress-dependent. Hence functions 
describe the temperature and stress dependency of the material parameters have to be fitted from 
experimental results. The fitting process is discussed in section 2 and section 3. Several 
assumptions are made in order to determine the functions to describe the temperature and stress 
dependency of the parameters. However, since experimental data are limited, these functions need 
further verification and validation. The parameter functions obtained in this study might need to 
be refined if more experimental data are provided. We can still conclude that the power-law model 
is capable in simulating the creep response of polyimide, and practical especially in design 
applications due to its simple mathematical function. 
Design stress and design space for carbon/polyimide composite are calculated in section 
4. In order to calcualte the creep response of the composite, creep response of polyimide matrix 
calcualted from the power law model are combined with the response of carbon fiber usign rule of 
mixtures, then the results are compared with experimental data and a more refined 
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micromechanical model. Results show that the power-law model together with rule of mixtures 
can capture the creep response in axial fiber direction. For the transverse fiber direction, rule of 
mixtures can still be used since from section 4.1 and section 4.2, creep strains calcualted from the 
rule of mixtures are larger than actual creep strains; hence in design applications where strain 
should be restricted to a limit value, using rule of mixtures to calculate the design stress for 
transverse direction gives a more conservative design limit. Design stress and design space for 
carbon/polyimide composite are presented in section 4 in a similar manner with design stress and 
design space for metals. 
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CHAPTER VIII  
SUMMARIES AND CONCLUSIONS 
 
In this study, an empirical approach to model creep responses and obtain design stresses for metals 
and polymeric composites at elevated temperatures is developed by constructing deformation 
mechanism maps. The feasibility of extending the empirical models used for metals to polyimide 
composites is examined by simulating creep response of PMR-15 polyimide using a power-law 
model. From this thesis, design needs can be efficiently fulfilled by using empirical models, which 
are mathematically less complex than phenomenological models, hence practical in engineering 
design applications.  Below are the summaries and conclusions from this thesis: 
(1) Empirical approach to describe primary creep responses of metals and alloys at elevated 
temperatures has been considered. This empirical model is used to create deformation 
mechanism maps. MATLAB codes for both steady-state deformation mechanism map and 
transient map are developed and their validations are verified by comparing with 
deformation maps provided by Frost and Ashby [15]. 
(2) Parametric study is conducted to understand the effect of each parameter in the empirical 
model on the deformation maps. From the parametric study, we found the following 
parameters have more influence on the transient map than other parameters, which are 
grain size, activation energy for lattice diffusion and boundary diffusion. The value for 
these parameters need to be fitted carefully to give a reasonable outcome for the transient 
map. Also, for transient parameters (yield stress ߪ଴௦, hardening exponent m, hardening 
constant Ks, transient strain ߛ௧, transient constant Cs), we conclude that a 10% change on 
a single parameter would not have a big influence on the transient map. Hence, when some 
of the transient parameters are not available in literature, we can estimate the value for 
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these parameters by using the properties of alloys with similar chemical components.   
(3) Steady-state and transient maps are constructed for Copper alloy NARloy-Z and Titanium 
alloy Ti-6Al-4V, following the creep models discussed in chapter II. Some material 
parameters that are not readily available in literature are determined from creep data and 
procedures on determining these parameters have been discussed. By comparing the 
responses given by the maps and experimental data, the fitted material parameters for both 
alloys give a reasonably good prediction. From the analysis of the transient map, the 
design stresses at 15s and 30s are calculated. 
(4) Cyclic and creep responses of NARloy-Z have also been studied using a 
phenomenological viscoplastic model. The model was initially developed by Freed at al. 
[33] and is modified in this study in order to incorporate the effect of energy dissipation 
on the viscoplastic response of NARloy-Z. An adiabatic process is assumed to convert the 
heat dissipated into temperature increase. Temperature change from the energy dissipation 
is incorporated into the temperature-dependent viscoplastic model in order to improve the 
reliability when predicting cyclic responses at longer duration of loading. From the above 
analyses, the following conclusions can be derived. When the loading time is relatively 
short, both models (original model without energy dissipation and refined model with 
energy dissipation) show a good prediction of the experimental data; however, when 
loading period is relatively long, it is clear that a refined model, which includes energy 
dissipation effect, can simulate the experimental data better. This shows the significant 
effect of energy dissipation that leads to temperature increases on the overall time-
dependent inelastic responses of materials. When comparing the energy dissipation under 
different strain rates, the higher the strain rate, the higher the amount of energy being 
dissipated as heat. Higher amount of energy dissipation leads to a more pronounced stress 
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softening behavior. The stress softening is one of the sources for material failures. When 
predicting responses of materials at relatively high strain rate, neglecting the influence of 
energy dissipation might cause significant error. It is also seen that the energy dissipation 
is an important component in determining fatigue failure of NARloy-Z. Finally, for the 
creep response, the energy dissipation effect is negligible when compared with the energy 
dissipation under cyclic loadings. Thus, when considering only transient creep 
deformation for a relatively short period of loading in determining the design stress, an 
empirical model that is significantly simpler than the phenomenological model is 
sufficient. However, when incorporating long-term loading and fatigue failure are 
necessary in determining the design stress, an empirical model for fatigue life prediction, 
which is often expressed in terms of stress amplitude and number of cycle to failure (S-N 
relation), might not be sufficient. This is because the energy dissipation effect that depends 
on the complete histories of loading and changes in the material behaviors as the material 
experience continuous dissipation is prominent. 
(5) An empirical power-law model is developed to model the creep behavior of PMR-15 
polyimide and determine the design stress. By comparing with experimental results, the 
empirical model can simulate the creep response of PMR-15 reasonably well. Rule of 
mixtures are then used to combine the response of PMR-15 and carbon fiber to model the 
creep response for carbon/polyimide composites and calculate the design stress.  
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APPENDIX A 
SUMMARIZATION FOR MATLAB CODES 
 
This appendix summarizes the MATLAB codes generated during this study. The name and 
function of each MATLAB code are summarized in Table A-1 below. 
 
Table A-1 Summarization for MATLAB codes 
Chapter Code Name Code function 
Chapter II 
steady_state_map_Ni Generate steady-state strain rate map for Nickel 
transient_map_316_steel Generate transient map for 316 Steel 
Chapter IV 
Narloy_z_steady_state_parameter_fitting 
Generate steady-state strain rate 
map with temperature contours 
and fit steady-state parameters 
for NARloy-Z 
Narloy_z_steady_state 
Generate steady-state map and 
plot the steady-state map for nine 
loading conditions 
Narloy_z_transient_design 
Generate transient map, design 
space and design stress for 
Narloy-Z 
Narloy_z_transient_errorbar 
Verify the accuracy of the 
transient map and plot the error 
bar for NARloy-Z 
Chapter V 
Ti_6_4_steady_state_parameter_fitting 
Generate steady-state strain rate 
map with temperature contours 
and fit steady-state parameters 
for Ti-6Al-4V 
Ti_6_4_transient_design 
Generate transient map, design 
space and design stress for 
Narloy-Z 
Ti_6_4_transient_compare 
Compare transient strains 
calculated from transient map 
and transient strains from 
experimental results 
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Table A-1 Continued 
Chapter Code Name Code function 
Chapter VI 
Narloy_z_viscoplastic_parameter 
Fit material parameters needed to 
model creep responses from 
experimental results 
Narloy_z_diss_cyclic 
Simulate cyclic response for 
NARloy-Z using viscoplastic 
model which incorporate the 
effect of energy dissipation 
Narloy_z_diss_creep 
Simulate creep response for 
NARloy-Z using viscoplastic 
model which incorporate the 
effect of energy dissipation 
Chapter VII 
PMR15_steady_state_parameter_fitting 
Fit steady state parameters used 
to calculate the steady-state 
strain rate for PMR15 
PMR15_transient_parameter_fitting 
Fit transient parameters used to 
calculate the transient creep 
strain for PMR15 for each 
loading condition 
PMR15_transient_compare 
Compare transient creep strains 
calculated by using power-law 
model with strains from 
experimental results 
PMR15_composite_design_axial 
Generate design stress and 
design space for 
carbon/polyimide composite 
T650-35/PMR-15, in axial fiber 
direction 
PMR15_composite_design_transverse 
Generate design stress and 
design space for 
carbon/polyimide composite 
T650-35/PMR-15, in transverse 
fiber direction 
 
The above codes are attached in this thesis submission. 
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APPENDIX B 
SUMMARIZATION FOR DESIGN SPACES AND DESIGN STRESSES 
 
This appendix summarizes the design spaces and design stresses for all materials considered in 
this thesis. Recall that the design standard used in this study is to restrict the permanent plastic 
strain to 0.2%. A safety factor equals to 1.25 is also considered in this study.  For metals (NARloy-
Z and Ti-6Al-4V), loading periods considered in this thesis are 15 seconds and 30 seconds, and 
for polymers (carbon/polyimide composite T650-35/PMR-15), loading time 30 seconds is 
considered. For T650-35/PMR-15, a relatively long loading period (3 hours) is also presented to 
determine the design space for polymers after a long time of loading. Design spaces (deformation 
maps) for NARloy-Z, Ti-6Al-4V and T650-35/PMR-15 composite are summarized below in 
Figure B-1 to Figure B-4.  
Design stresses for all materials considered in this study are summarized in Figure B-5 to 
Figure B-7. Similar to the design spaces, for metals, design stresses for loading period 15 seconds 
and 30 seconds are presented in this chapter. For polyimide composite T650-35/PMR-15, the 
design stresses for loading period 2 hours, 3 hours and 4 hours are presented in Figure B-7. From 
Figure B-3, for loading time 30 seconds, the design stress for T650-35/PMR-15 is greater than the 
ultimate strength, hence, the design stress for loading time 30 seconds is nothing but the ultimate 
strength. Hence for T650-35/PMR-15 composite, design stresses for 30 seconds are not presented 
here. 
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Figure B-1 Design spaces for NARloy-Z under 15s and 30s 
 
 
Figure B-2 Design spaces for Ti-6Al-4V under 15s and 30s 
 
In Figure B-1 and Figure B-2, numbers on strain contours represent total transient strains. 
Pink curves represent temperatures and stresses which generate 0.2% plastic strains, Hence areas 
below the pink curves are design spaces. 
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Figure B-3 Design spaces for carbon/polyimide composite T650-35/PMR-15 under 30 seconds 
 
 
Figure B-4 Design spaces for carbon/polyimide composite T650-35/PMR-15 under 3 hours 
 
In Figure B-3 and Figure B-4, numbers on strain contours represent total transient strains. 
Black curves represent temperatures and stresses which generate 0.2% plastic strains. Hence areas 
below the black curves are design spaces. Note that in Figure B-3, when design stresses are larger 
than ultimate strength (when black curves are higher than the dashed line), design spaces will be 
areas below ultimate strength. 
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Figure B-5 Design stresses for NARloy-Z under 15s and 30s 
 
 
Figure B-6 Design stresses for Ti-6Al-4V under 15s and 30s 
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Figure B-7 Design stresses for carbon/polyimide composite T650-35/PMR-15 under 2 hours, 3 
hours and 4 hours 
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